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ABSTRACT
The f i r s t  c h a p t e r  d e s c r i b e s  th e  p r e p a r a t i o n  and s p e c t r a l  
e x a m in a t io n  o f  some new oxovanadium (IV ) com plexes  w i th  p h o sp h o ru s  
and s u l f u r  l i g a n d s .  The p h o s p h in e  l i g a n d s  e t h y l e n e  b i s ( d i p h e n y l -  
p h o s p h in e )  and m e th y le n e  b i s ( d ip h e n y lp h o s p h in e )  w ere  r e a c t e d  to  
p ro d u ce  com plexes w i t h  v a n a d y l  b rom ide  and v a n a d y l  c h l o r i d e .
Impure compounds w ere  o b ta in e d  w i th  th e  a n a lo g o u s  a r s e n i c  o t h e r  
p h o sp h o ru s  l i g a n d s .  The i n f r a r e d  and o p t i c a l  ( v i s i b l e - n e a r  
i n f r a r e d )  s p e c t r a  w ere  used  t o  c h a r a c t e r i z e  t h e s e  com plexes  
w h ich  w ere  th e  f i r s t  v a n a d y l  p h o s p h in e  com plexes e v e r  p r e p a r e d .
The l o n g - s t a n d i n g  d e b a te  o v e r  th e  c o r r e c t n e s s  o f  th e  
B a l lh a u s e n  and G ray e n e rg y  l e v e l  scheme g e n e r a t e d  th e  w ork i n  
C h ap te r  I I .  NMR p a ra m a g n e t i c  c o n t a c t  s h i f t s  o f  th e  aqueous  
v a n a d y l  s u l f a t e  w ere  m easured  and from  th e s e  d a t a  and th e  
e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g  c o n s t a n t  was d e t e r m in e d .
The results indicated the existance of TT-bonding between the 
equatorial water molecules and the oxovanadium(II) cation. The 
possible existance of this type of TT-bonding was ignored by 
the Ballhausen-Gray molecular orbital approach.
I n  a d d i t i o n ,  two o t h e r  v a n a d y l  com plexes  w h ich  m igh t 
c o n t a i n  p i - b o n d i n g  be tw een  th e  d 1 v a n a d y l  o r b i t a l  and l i g a n d  
p i - o r b i t a l s  w ere i n v e s t i g a t e d .  The two v a n a d y l  com plexes ,  o f
a c e t y l a c e t o n a t e  and o f  o r t h o - p h e n a n t h r o l i n e ,  showed v e r y  sm a l l  
c o n t a c t  s h i f t s ,  e s p e c i a l l y  c o n s i d e r i n g  t h a t  t h e  a c e t y l a c e t o n a t e  
io n  and t h e  o r t h o - p h e n a n t h r o l i n e  p o s s e s s  p i - o r b i t a l s  w h ich  a re  
w e l l - s u i t e d  f o r  p i - b o n d in g  t o  m e ta l  i o n s .  The a b se n c e  o f  a 
l a r g e  c o n t a c t  s h i f t  i n  e i t h e r  com plex, s i m i l a r  t o  th e  s h i f t s  
o b se rv ed  i n  o t h e r  p a r a m a g n e t i c  m e ta l  a c e t y l a c e t o n a t e  com plexes ,  
p ro b a b ly  r e s u l t s  b e c a u se  t h e  com plexes f a i l  t o  meet p r o p e r  
symmetry r e q u i r e m e n t s  f o r  p i - b o n d i n g .  The s m a l l  c o n t a c t  s h i f t s  
o b se rv ed  m ost l i k e l y  r e s u l t  from  a s p i n - p o l a r i z a t i o n  mechanism 
w hich  i s  c o n s i s t e n t  w i t h  t h e  ESR s t u d i e s  o f  s i m i l a r  com plexes .
I n  C h a p te r  I I I ,  two new com plexes ,  v a n a d y l  b i s ( t r o p o l o n a t e )  
and v a n a d y l  b i s ( 5 - m e r c a p to - 3 - p h e n y l - 1 . 3 . 4 - t h i a d i a z o l e - 2 - t h i o n e ) , 
w ere  found  t o  p o s s e s s  c e r t a i n  c h a r a c t e r i s t i c s  w h ich  i n d i c a t e d  
th e  p o s s i b i l i t y  o f  u n u s u a l  c o o r d i n a t i o n  and m o l e c u l a r i t y .  An 
e x t e n s i v e  s tu d y  o f  th e s e  com plexes u s in g  o p t i c a l  ( n e a r  i n f r a r e d -  
v i s i b l e ) ,  i n f r a r e d ,  NMR, ESR, s o l u b i l i t y ,  m o le c u la r  w e ig h t  
d e t e r m i n a t i o n  and m a g n e t ic  moment m easurem en ts  was u n d e r ta k e n  
and m ost o f  th e  e x p e r im e n ta l  e v id e n c e  b o re  o u t  th e  h y p o t h e s i s  
t h a t  t h e  two com plexes  c o n t a i n  u n u su a l  c o o r d i n a t i o n  and m o l e c u l a r i t y .
x
CHAPTER- I
COMPLEXES OF OXOVANADIUM(IV) WITH PHOSPHORUS AND 
SULFUR LIGANDS
PHOSPHINE COMPLEXES OF OXOVANADIUM(IV)
INTRODUCTION
I t  i s  g e n e r a l l y  r e c o g n iz e d  t h a t  th e  o r g a n i c  p h o s p h in e s ,  
a r s i n e s  and s u l f i d e  l i g a n d s  a c t  a s  weak s ig m a - p a i r  do n o rs  
tow ard  P e a r s o n  h a rd  a c i d s ,  I f  t h e  m e ta l  a tom  t o  w h ich  th e  
l i g a n d s  a r e  bonded c o n t a i n s  f i l l e d  o r  ev en  p a r t i a l l y  o c c u p ie d  
p i° b o n d in g  d - l e v e l s ,  t h e  m e t a l - l i g a n d  bond may be s t r e n g t h e n e d  
by th e  d o n a t io n  o f  m e ta l  e l e c t r o n  d e n s i t y  t o  th e  l i g a n d  dir 
o r b i t a l s .  The r e s u l t  i s  t h a t  many com plexes w h ic h  m igh t o th e rw is e  
be u n s t a b l e ,  a r e  found t o  be v e r y  s t a b l e .  The e a r l y  t r a n s i t i o n  
e l e m e n t s ,  i . e . ,  th o s e  i n  Groups I I I ,  IV, V and V I, p o s s e s s  
l i t t l e  o r  no l i g a n d  f i e l d  s t a b i l i z a t i o n  e n e rg y  i n  t h e i r  common 
(h ig h )  o x i d a t i o n  s t a t e s ,  and b o n d in g  i s  m a in ly  t h e  r e s u l t  o f  
a  c o m b in a t io n  o f  i o n i c  and s igm a- b o n d in g .  These m e ta l  a to m s ,  
h a v in g  v a c a n t  £ i  o r b i t a l s ,  a r e  c a p a b le  o f  bon d in g  t o  l i g a n d s  
su ch  a s  th e  o x id e  io n ,  w h ich  p o s s e s s e s  f i l l e d ,  low e n e rg y  
p i - o r b i t a l s .  and e l e c t r o n  d o n a t io n  o f  t h e  l i g a n d - t o - m e t a l  ty p e
(1 -3 )
i s  t h u s  p o s s i b l e .  I t  i s  n o t  s u r p r i s i n g  t h a t  few com plexes 
o f  t h e s e  e a r l y  t r a n s i t i o n  e l e m e n t s  have b een  p r e p a r e d  w i th  
p h o s p h o r u s - ,  a r s e n i c -  and s u l f u r - d o n o r  l i g a n d s .  I n  most c a s e s ,  
th e  com plexes  o f  p h o s p h o ru s ,  a r s e n i c  and s u l f u r  do n o r  l i g a n d s
a r e  p r e p a r e d  w i t h  th e  m e ta l  a tom s i n  a l o w e r - t h a n - u s u a l  o x i d a t i o n
s t a t e ,  i n  w h ic h  p re su m ab ly  th e  d - e l e c t r o n  r e p u l s i o n  f a c i l i t a t e s
some p i - b o n d i n g .
Complexes such as VCMe^PC^CiijPMe)^, [VCPh^P)^ (CO)^],
and [V(Ph^P)(NO )(CO)^] w hich  hav e  vanad ium  i n  th e  z e r o  v a l e n t
s t a t e  a p p e a r  t o  be more common and b e t t e r  c h a r a c t e r i z e d  th a n
t h o s e  h i g h e r - v a l e n t  t y p e s  r e p r e s e n t e d  by [Ph^PH^VCj&^PH^P) 3 and 
( 1  21[VCj1„(R„P)] * o The o n ly  w e l l - c h a r a c t e r i z e d  com plexes o f•j j X
t e t r a v a l e n t  vanad ium  (a  d'*' sy s tem ) i n  w h ich  th e  vanad ium  atom 
i s  bonded t o  e i t h e r  an  a r s e n i c  o r  a p h o sp h o ru s  a tom  ( s u l f u r  w i l l  
be co v e re d  l a t e r  i n  t h e  c h a p t e r )  a r e  t h e  f o l l o w i n g  a r s e n i c - d o n o r  
co m p lex es :
VC£4 - x [ 0 -C6H4 (AsMe2) 2 ] (x  = 1 o r  2 )
VCA4 . [ 0 -C 6H4 (A sE t2) 2] (5 )
VC44 *orTAS and V C f ^ v - T A S ^
w h e re :  o-TAS = b i s - ( o d i m e t h y l a r s i n o p h e n y l ) m e t h y l a r s i n e
v-TAS = t r i s - 1 , 1 , 1 - ( d i m e th y l a r s i n o m e t h y l ) e th a n e  
The l a t t e r  two co m p lex es ,  upon e x p o s u re  t o  a i r ,  a r e  r e p o r t e d  t o  
y i e l d  th e  c o r r e s p o n d in g  oxovanadium (IV ) co m p lex es ,  VOCi2 »o-TAS and 
VOCj&2 *v-TAS, b u t  t h e s e  compounds were n o t  v e r y  w e l l  c h a r a c t e r i z e d  
and a p p a r e n t l y  n o t  p r e p a r a b l e  from  a V0 ^+ s t a r t i n g  m a t e r i a l ^ .
As a r e s u l t  o f  t h e  p r e s e n t  i n v e s t i g a t i p n ,  i t  i s  q u i t e
c e r t a i n  t h a t  th e  r e p o r t ^ ^  o f  a b i s - ( t r i p h e n y l p h o s p h i n e ) . (P h ^ P ) ,
com plex o f  VOCj^ i s e r r o n e o u s  and t h a t  t h e  p r o d u c t  r e p o r t e d  as
V O C ^ -2Ph^P® 211^0 i s  i n  r e a l i t y  a com plex o f  t r i p h e n y lp h o s p h in e
ox ide*  To r e f u t e  th e  c l a im s  o f  M ajundar  e t  a l . , t h a t  th e y
had  p r e p a r e d  a  t r u e  p h o s p h in e  com plex , t h e  com plex in  q u e s t i o n
w as s y n th e s i z e d  u s in g  t h e i r  p r o c e d u r e .  I n  a d d i t i o n ,  t h e  p h o sp h in e
o x id e ,  Ph^P = 0 , was p r e p a r e d  by  o x i d i z i n g  Ph^I? i n  b en zen e  w i th
h y d ro g e n  p e r o x i d e .  Much o f  th e  b en zen e  was b o i l e d  o f f  and th e n
a l lo w e d  t o  c o o l .  Upon c o o l i n g ,  a w h i t e  p r e c i p i t a t e  was p roduced
from  th e  benzene  s o l u t i o n  w h ich  a n a ly s e d  t o  be th e  p h o sp h in e
o x id e .  The Ph^P = 0 was r e a c t e d  w i t h  aqueous  VOCf^ to  g iv e  a
p r o d u c t  s i m i l a r  i n  a p p e a ra n c e  t o  t h e  com plex made by th e  p ro c e d u re
o f  M ajundar  e t  a l . ^ ^ .  The I . R .  s p e c t ru m  o f  t h e  known p h o sp h in e
o x id e  com plex and t h a t  o f  t h e  com plex made by th e  method o f
M ajundar je t a l .  w ere  i d e n t i c a l .  The same r e p o r t ^ ^  c l a im s
com plexes  o f  U(IV) and U(VI) w i t h  t h i s  p h o sp h in e  l i g a n d ,  b u t
t h e s e  c l a im s  have b een  s i m i l a r l y  r e f u t e d  by two o t h e r  
( 8  9^
l a b o r a t o r i e s  5 , w h ich  a l s o  f i n d  t h e  l i g a n d  t o  be  th e  p h o sp h in e
o x id e .
I n  l i g h t  o f  t h e  f o r e g o i n g ,  i t  was o f  p a r t i c u l a r  i n t e r e s t  
t o  se e  i f  p h o s p h in e  and a r s i n e  com plexes  cou ld  be p r e p a r e d  d i r e c t l y
2+from  VO s t a r t i n g  m a t e r i a l s .  No p u re  a r s i n e  com plexes  w ere  
o b ta in e d  b u t  p r e p a r a t i o n s  o f  t h e  f i r s t  s o l i d  p h o sp h in e  com plexes 
o f  oxovanadium (IV ) a r e  r e p o r t e d  h e r e .
EXPERIMENTAL
A. P r e p a r a t i o n  o f  Compounds
The two l i g a n d s ,  o b ta in e d  from  A l d r i c h  Chem ical C o .,
2+w hich  le d  t o  p u re  VO com plexes ,  t h e i r  fo rm u la s  and a b b r e v i a t i o n s  
u sed  i n  t h i s  w o r k ,a r e  th e  f o l l o w i n g :
E th y le n e b i s (d ip h e n y lp h o s p h in e )  ; (CgH^)^PCH^CI^PCCgH,.)^jEBDPP, 
M e th y le n e jb i£ (d ip h e n y lp h o sp h in e )  ; (C^H,.)^PCH^PCCgH^)^; MBDPP.
2+O th e r  l i g a n d s  i n v e s t i g a t e d  w h ich  le d  t o  im pure  g r e e n - c o l o r e d  VO
c o m p lex es ,  i< ,e . ,  com plexes  w h ich  c o u ld  n o t  be s a t i s f a c t o r i l y
p u r i f i e d  t o  a s t a t e  w hich  y i e l d e d  a c c e p t a b l e  a n a l y t i c a l  a n a l y s e s ,
w ere  e t h y l e n e b i s ( d i p h e n y l a r s i n e ) , m e th y le n e b i s ( d i p h e n y l a r s i n e ) .
t r i - n - b u t y l p h o s p h i n e ,  t r i p h e n y l p h o s p h i n e ,  t r i p h e n y l a r s i n e  and
t r i - n - o c t y l p h o s p h i n e .  I t  i s  n o t  c l e a r  why t h e  p h o sp h o ru s  l i g a n d ,
2+EBDPP, fo rm s  a c c e p t a b l e  VO com plexes  w h i le  t h e  EBDPA, th e  
a n a la g o u s  a r s e n i c  l i g a n d ,  c o n s i s t e n t l y  gave a low c a rb o n -h y d ro g e n  
a n a l y s i s .  The low c a rb o n -h y d ro g e n  a n a l y s i s  ca n n o t  be e x p la in e d  
by assu m in g  t h a t  t h e  a r s e n i c  l ig a n d  was o x id i z e d  t o  th e  a r s i n e  
o x id e ,  a l t h o u g h  t h i s  m igh t be a  c o n t r i b u t i n g  f a c t o r .  T here  i s  a
p o s s i b i l i t y  t h a t  th e  a r s e n i c  l i g a n d  i s  a p o o r e r  l i g a n d  th a n  th e  
p h o sp h o ru s  l ig a n d  b u t  fo rm s a bond o f  a b o u t  t h e  same s t r e n g t h  
a s  a bond formed b e tw een  two m o le c u le s  o f  VOBt  th e
s t a r t i n g  m a t e r i a l .  The r e s u l t  i s  t h a t  a m ix tu re  o f  (VOBr^x'lLO)
/  & X
and VOBr^oEBDPA i s  p ro d u c e d ,w h ic h  would a c c o u n t  f o r  th e  low 
c a rb o n -h y d ro g e n  a n a l y s e s .  P ro b a b ly  th e  m ost l o g i c a l  c o n c l u s i o n  
t h a t  can  be re a c h e d  i s  t h a t  th e  s t a r t i n g  m a t e r i a l ,  VOBr^xB^O, 
i s  h y d r a te d  and th e  a r s e n i c  l i g a n d  can n o t  s u c c e s s f u l l y  compete 
w i t h  t h e  w a te r  m o le c u le s  a s  l i g a n d s  r e g a r d l e s s  o f  th e  amount o f  
EBDPA l i g a n d  used  i n  th e  s t a r t i n g  m a t e r i a l .  I f  a m ix tu r e  o f  
t h e  d e s i r e d  p r o d u c t  and some o t h e r  s p e c i e s  e x i s t  i n  t h e  g re e n  
p r o d u c t ,  a n  a d s o r p t i o n  column m ig h t be used  t o  s e p a r a t e  some o f  
t h e  d e s i r e d  p r o d u c t ,  b u t  t h i s  was n o t  a t t e m p te d  i n  t h i s  
i n v e s t i g a t i o n .
The c a rb o n -h y d ro g e n  a n a l y s e s  o f  t h e  com plexes i s  
p r e p a r e d  w i t h  t r i p h e n y l p h o s p h i n e ,  t r i p h e n y l a r s i n e ,  t r i - n - o c t y l -  
p h o sp h in e  and t r i - n - b u t y l p h o s p h i n e  i n d i c a t e d  t h a t  t h e  c a rb o n  
and h y d ro g en  c o n t e n t s  w ere  e x t r e m e ly  low. A g a in ,  a s  i n  t h e  ca se  
o f  th e  EBDPA, t h e s e  l i g a n d s  f a i l e d  t o  y i e l d  a c c e p t a b l e  r e s u l t s  
p r o b a b ly  b e c a u se  t h e y  c o u ld  n o t  compete w i t h  w a te r  a s  a  l i g a n d  
f o r  th e  s t a r t i n g  m a t e r i a l  VOB^* I n  a d d i t i o n ,  s i n c e  t h e s e  
l i g a n d s  a r e  m o n o d e n ta te ,  no e n t r o p y  e f f e c t  i s  a v a i l a b l e  t o  g iv e
t h e i r  com plexes added s t a b i l i t y  a s  i s  th e  c a s e  w i th  t h e  b i d e n t a t e  
l i g a n d s  EBDPP and EBDPA. T h e r e f o r e ,  o n ly  th e  com plexes o f  th e  
f i r s t  two l i g a n d s  l i s t e d  above w i l l  be d e s c r ib e d  h e r e .
The oxovanadium (IV ) s t a r t i n g  m a t e r i a l s  used  w ere  s o l i d  
VOBr^xH^O and s y ru p y  VOC& The fo rm e r  was p r e p a re d  from
c o m m e r ic ia l  VOSO^o^B^O. R e a c t io n  o f  t h e  s u l f a t e  w i th  aqueous  
ammonia p roduced  f i r s t  a brown p r e c i p i t a t e  o f  VO(OH)2 *xH2 0 , 
w h ich  was washed r a p i d l y  w i t h  w a te r  and th e n  r e a c t e d  w i t h  aq u eo u s  
HBr t o  p ro d u ce  a  b lu e  s o l u t i o n  w i t h  a pH o f  a b o u t  6 . The s o l u t i o n  
was e v a p o r a te d  o v e r  a  s team  b a t h  t o  a b l u e - g r e e n  s l u r r y .  The 
s l u r r y  was h e a t e d  a t  110°C u n d e r  vacuum u n t i l  a d a r k  g r e e n  h i g h l y  
h y g r o s c o p ic  s o l i d  was p ro d u c e d .  V O C j^ 'X ^O  was p roduced  i n  th e  
same way e x c e p t  t h a t  i t  was n o t  p o s s i b l e  t o  d r y  i t  t o  a  s o l i d .
I t  was used  a s  a  t h i c k  sy ru p y  l i q u i d .
R e a c t io n s  w ere  c a r r i e d  o u t  i n  d e g a s s e d  s o l v e n t s  and 
e f f o r t s  w ere made to  p r e v e n t  a i r  f ro m  coming i n t o  c o n t a c t  w i t h  
t h e  p h o s p h in e  l i g a n d s  d u r in g  t h e  c o u rs e  o f  t h e i r  r e a c t i o n s  w i th  
o x o v an ad iu m (IV ) . I n  s p i t e  o f  p r e c a u t i o n s  o f  t h i s  t y p e ,  some 
p h o s p h in e  o x id e  compounds w ere  formed ( p o s s i b l y  a s  a r e s u l t  o f  
t h e  w a t e r  p r e s e n t  i n  t h e  s t a r t i n g  m a t e r i a l s ) .
1 . P r e p a r a t i o n  o f  V O B rE B D P P )‘H^O
One gram ( .0 0 3  m oles)  o f  VOBr^'xH^O (x  assumed t o  be  5) 
was added t o  25 ml o f  a b s o l u t e  m e th a n o l .  The com plex w i l l  n o t  
a l l  d i s s o l v e  i n  t h i s  volum e o f  s o l v e n t ,  b u t  p r e v io u s  e x p e r i e n c e  
had  shown t h a t  t o o  l i t t l e  o f  th e  MeOH le d  t o  to o  low a p r o d u c t  
y i e l d ,  and to o  much le d  t o  unw anted p r o d u c t s .  T h is  m ix tu re  
was added t o  a s o l u t i o n  o f  1 .8  g (0 .0 0 4 5  m o les )  EBDPP l ig a n d  
d i s s o l v e d  i n  125 ml o f  m e th y le n e  c h l o r i d e .  H igher  l i g a n d - t o - m e t a l  
r a t i o s  w ere  found t o  l e a d  t o  im pure  o i l y  p r o d u c t s .  The c o lo r  
o f  th e  s t i r r e d  m ix tu r e  tu r n e d  from  v e r y  l i g h t  g r e e n  t o  a deep  
g r e e n  and s t i r r i n g  was c o n t in u e d  o v e r n ig h t  i n  th e  a i r t i g h t  
r e a c t i o n  v e s s e l .  A b l u e - g r e e n  p r e c i p i t a t e  was s e p a r a t e d  by 
f i l t r a t i o n  from  a g re e n  s o l u t i o n .  The s o l i d  was washed w i th  
a c e t o n e ,  t h e n  h o t  (70°C) C C j a n d  th e n  d r i e d  u n d e r  vacuum. 
E le m e n ta l  a n a l y s i s  (T ab le  I )  s u g g e s t s  a p r o d u c t  o f  e m p i r i c a l  
fo rm u la  (V OB^) 2 *ebd:pp0 2 <’H20 * pho s Phirie  l i g a n d  a p p e a r s  t o
hav e  been  o x id i z e d  t o  th e  d ip h o s p h in e d io x id e ,  w h ich  i s  a b b r e v i a t e d  
EBDPPC^. T h i s  f o r m u l a t i o n  i s  s u p p o r te d  by  i n f r a r e d  s p e c t r a l  
d a t a  w h ich  w i l l  be d i s c u s s e d  l a t e r .  The g r e e n  s o l u t i o n  was 
e v a p o r a te d  t o  d r y n e s s  u n d e r  vacuum and a  g r e e n  powder re m a in e d .
I t  was washed r e p e a t e d l y  w i th  h o t  (70°C) p o r t i o n s  o f  CCj^. T h is
t r e a t m e n t  was shown t o  remove u n r e a c te d  l i g a n d  from  th e  g re e n  
p ro d u c t#  F i n a l l y  th e  powder was d r i e d  i n  vacuum. E le m e n ta l  
a n a l y s i s  (T a b le  I )  l e a d s  t o  th e  e m p i r i c a l  fo rm u la  VOBr^CEBDPP)* ^ 0  
and t h i s  i s  s u p p o r te d  by i n f r a r e d  s p e c t r a l  d a t a  ( v id e  i n f r a ) .
2# P r e p a r a t i o n  o f  VOBr... (MBDPP) «H,.C>
The same p ro c e d u re  used  t o  p r e p a r e  th e  a n a lo g o u s  EBDPP 
com plex , d e s c r i b e d  ab o v e ,  was u sed  t o  o b t a i n  th e  MBDPP compound. 
However, no b l u e - g r e e n  s o l i d  was i s o l a t e d  s in c e  o n ly  a g re e n  
s o l u t i o n  r e s u l t e d  when th e  s t a r t i n g  m a t e r i a l s  w ere  mixed and 
s t i r r e d .  T h i s  g r e e n  s o l u t i o n  y i e l d e d ,  upon e v a p o r a t i o n ,  a g re e n  
s o l i d  from  w h ic h  th e  e x c e s s  l i g a n d  was washed by means o f  h o t  
C C ^ .  E le m e n ta l  a n a l y s i s  (T ab le  I )  l e a d s  t o  th e  e m p i r i c a l  
fo rm u la  VOBr2 (MBDPP)-H^.
3 . P r e p a r a t i o n  o f  VOCA,. ( EBDPP) *H„0
The p r e p a r a t i o n  o f  t h i s  compound fo l lo w s  e x a c t l y  th e  
p ro c e d u re  o u t l i n e d  i n  1 above f o r  th e  p r e p a r a t i o n  o f  th e  a n a lo g o u s  
b rom ide  compound, w i t h  t h e  e x c e p t i o n  t h a t  sy ru p y  V O C ^ 'x ^ O ,  
r a t h e r  t h a n  s o l i d  V O B ^ 'X ^ O ,  was u s e d .  A b l u e - g r e e n  s o l i d  formed 
a s  i n  t h e  c a s e  o f  t h e  b ro m id e ,  and  i t s  e l e m e n ta l  a n a l y s i s  (T a b le  1) 
s u g g e s t s  t h a t  i t  i s  a p h o s p h in e o x id e  p r o d u c t  h av in g  th e  e m p i r i c a l
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fo rm u la  (VOCi^) * ^ 2^* Sr e e n  s ° l i d  i s o l a t e d
from  th e  f i l t r a t e  was th e  d e s i r e d  p r o d u c t  and i t  h a s  th e  
e m p i r i c a l  fo rm u la  V O C(EBD PP) * ^ 0 .
B. S p e c t r a l  S tu d ie s
I n f r a r e d  s p e c t r a  w ere o b ta in e d  by  b o th  th e  n u j o l  m ull  
and KBr p e l l e t  t e c h n i q u e s ,  u s in g  a Beckman IR -7  s p e c t r o p h o t o m e t e r ,  
em p loy ing  NaC.0 o p t i c s  f o r  t h e  4000-650 cm ^ r a n g e .  V i s i b l e  
s p e c t r a  w ere  o b ta in e d  w i th  a  C ary  Model 14 s p e c t r o p h o t o m e t e r ,  
u s in g  CH^CJ&2 s o l u t i o n s  o f  th e  p h o sp h in e  com plexes  and a c e to n e  
s o l u t i o n s  o f  t h e  p h o s p h in e o x id e  co m p lex es .  The l a t t e r  w ere n o t  
s o l u b l e  i n  i n e r t  s o l v e n t s  su c h  a s
RESULTS AND DISCUSSION
The t h r e e  p h o sp h in e  com plexes p r e p a r e d  a r e  l i s t e d  in  
T a b le  I  w i t h  t h e i r  e l e m e n ta l  a n a l y s e s .  A l l  a r e  g r e e n  i n  c o l o r .
The p h o s p h in e o x id e  com plexes  a r e  b l u e - g r e e n ,  t h e  same c o l o r  a s
(7%
t h e  presum ed Ph^P com plex r e p o r t e d  e a r l i e r  '  and th e  c o l o r  o f  
VOCj^* 2PhgPO c r y s t a l s  r e p o r t e d  by H orner  e t  a l . ^ ^ .
I n f r a r e d  s p e c t r a l  d a t a  o f  th e  f i v e  compounds l i s t e d  i n  
T a b le  I  a r e  g iv e n  i n  T ab le  I I .  The I . R .  s p e c t r a l  d a t a  c l e a r l y
v e r i f i e d  ( a )  th e  p r e s e n c e  o f  H^O, (b) t h e  p r e s e n c e  o f  th e  o r g a n ic
l i g a n d s ,  and ( c )  t h e  p r e s e n c e  o f  t h e  oxovanadium (IV ) e n t i t y
(v „_ n i n  t h e  992-1005  cm ^ r a n g e ) .  The a p p e a ra n c e  o f  a  g r e a t  v=u
many bands  i n  th e  1100-1300 cm ^ r e g i o n ,  how ever,  makes a
c l e a r - c u t  d i s t i n c t i o n  be tw een  th e  p r e s e n c e  o f  o r  a b se n c e  o f  th e
P=0 bond d i f f i c u l t .  I n  an  e f f o r t  t o  d e te rm in e  i f  t h e  com plexes
p r e p a r e d  c o n ta in e d  p h o s p h in e s  o r  p h o s p h in e o x id e s  a s  l i g a n d s ,
t h e  I . R .  s p e c tru m  was made o f  th e  EBDPPO^ l i g a n d  o b ta in e d  by th e
o x i d a t i o n  o f  EBDPP w i t h  F u r th e rm o re ,  t h e  o r g a n i c  l i g a n d s
c o n ta in e d  i n  (VOBrp^'EBDPPC^H^O and VOBr^*EBDPP*IkjO w ere
r e c o v e re d  from  t h e i r  com plexes  by decom posing  th e  com plexes
.w i th  d i m e t h y l s u l f o x i d e ,  DMSO. I . R .  s p e c t r a  o f  t h e s e  l i g a n d s
w ere  made. The t h r e e  f o r e g o in g  I . R .  s p e c t r a  ( F i g u r e s  1-3)
w ere  th e n  compared ( i n  th e  c r i t i c a l  1100-1300 cm ^ r e g io n )  w i t h
th e  I . R .  s p e c t ru m  o f  f r e s h  EBDPP, ( F ig u r e  4) w h ich  a n a l y s i s  had
shown t o  be an  u n o x id iz e d  p r o d u c t .  The I . R .  s p e c tru m  o f  th e  l i g a n d
o x id i z e d  by and t h a t  o f  th e  l i g a n d  r e c o v e re d  from  th e
p ro p o se d  p h o s p h in e o x id e ,  (V O B ^ )2 *EBDFF0 2 , w ere  v e r y  s i m i l a r  i n  
- 1
t h e  1185 cm r e g io n  w here b o t h  d i s p l a y e d  a b ro a d  band 
c h a r a c t e r i s t i c  o f  a P=0 s t r e t c h i n g  f r e q u e n c y .  The I . R .  sp e c tru m  
o f  f r e s h  l i g a n d  and t h a t  o f  th e  l i g a n d  r e c o v e re d  from  th e  VOBr^'EBDPP, 
th e  p ro p o sed  p h o sp h in e  com plex c o n t a i n i n g  th e  P-V bond, w ere a l s o
F ig u re  1
The i n f r a r e d  sp e c tru m  o f  EBDPP l ig a n d  a f t e r  i t  was 
o x id iz e d  t o  EBDPP0 2 w i th  H2° 2 * Po r t i o n
th e  sp e c tru m  shown i s  th e  P=0 s t r e t c h i n g  
r e g io n  be tw een  1100 cm ^ and 1300 cm
1300 moo , uoo
WA VE NUMBERS-Cm' 1
F igure 2
The i n f r a r e d  s p e c tru m  of  th e  l i g a n d  r e c o v e re d  from  
(VOBr^)2 °EBDPP0 2 "H2 0  i n  t h e  P= 0  s t r e t c h i n g  r e g i o n
-1  -1betw een  1100 cm and 1300 cm
1 1 0 01200
WAVE NUMBERS -Cm - /
F igu re  3
The i n f r a r e d  s p e c tru m  o f  t h e  l i g a n d  from  VOIte^’EBDPP* 
i n  th e  P=0 s t r e t c h i n g  r e g io n  be tw een  
1100 cm ^ and 1300 cm
/3 00 ____________________I /zoo
W A V E  M U n B E R S -C m -'
//oo
F ig u r e  4
The i n f r a r e d  sp e c tru m  o f  t h e  f r e s h  l i g a n d  EBDPP i n  
t h e  r e g io n  be tw een  1100 cm ^ and 1300 cm"'*'.
1200
MM l/E  NUM BERS - C l t f
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s i m i l a r .  T hese  two l i g a n d s  d id  n o t  d i s p l a y  th e  b ro a d  band a round
1185 cm w h ich  i s  c h a r a c t e r i s t i c  o f  th e  P= 0  s t r e t c h i n g  f r e q u e n c y .
From t h e  above d i s c u s s i o n ,  i t  i s  c o n c lu d ed  t h a t  n o t  o n ly  have
new p h o s p h in e o x id e  com plexes been  p r e p a r e d  b u t  a l s o  th e  f i r s t  
2+VO com plexes  c o n t a i n i n g  d i r e c t  p h o s p h o ru s -m e ta l  b o n d s .
The e l e c t r o n i c  s p e c t r a l  d a t a  i n  th e  1 0 -2 5 ,0 0 0  cm ^
2+r e g i o n ,  p r e s e n t e d  i n  T a b le  I I I ,  a r e  f a i r l y  c h a r a c t e r i s t i c  o f  VO 
(3)co m p lex es .  A t y p i c a l  e l e c t r o n i c  s p e c tru m  o f  p h o s p h in e
com plexes o f  V O B^ and VOCjl^ i s  shown i n  F ig u r e  5 . The p o s i t i o n
o f  t h e  f i r s t  two bands  a p p e a r s  t o  r e s u l t  from  d-d  t r a n s i t i o n s
w i t h i n  th e  vanad ium  atom  whoe d - o r b i t a l  e n e r g i e s  have  been  most
s i g n i f i c a n t l y  s p l i t  a p a r t  by th e  s t r o n g  a x i a l  f i e l d  due t o  th e
m u l t ip l e - b o n d e d  oxygen . The e q u a t o r i a l  l i g a n d s  a p p e a r  to
e x e r t  l i t t l e  i n f l u e n c e  upon th e  r e l a t i v e  o r d e r i n g  o f  t h e s e
l e v e l s .  However, th e  t h i r d  band ( I I I )  a p p e a r s  a t  lo w er  e n e r g i e s
th a n  u s u a l l y  found  f o r  oxygen and n i t r o g e n - d o n o r  l i g a n d s ,  and
t h i s  s t r o n g l y  s u g g e s t s  t h a t  i t  h a s  a c h a rg e  t r a n s f e r  ( l i g a n d -
to - m e t a l )  o r i g i n .  T h is  p r o p o s a l  i s  s u p p o r te d  by a n a lo g o u s  d a t a
( 11)from  a  s e r i e s  o f  s u l f u r  d o n o r  com plexes r e c e n t l y  p r e p a r e d  ,
( 12)a s  w e l l  a s  o t h e r s  . T here  i s  a n  i l l - d e f i n e d  s h o u ld e r  on th e
low e n e r g y  s i d e  o f  band I  ( f o o t n o t e  b ,  T a b le  I I I )  w h ich  h a s
( 13) 2+p r e v i o u s l y  b een  r e p o r t e d v '  i n  o t h e r  VO co m p lex es .  More w i l l
be s a i d  a b o u t  t h i s  band l a t e r  i n  t h i s  w ork .
F ig u re  5
The e l e c t r o n i c  s p e c tru m  o f  V0Br_«EBDPP»H90 i n  s o l u t i o n
- 1  - i
o f  GE^CJl^ r e c o rd e d  b e tw een  1 0 , 0 0 0  cm and 2 5 ,0 0 0  cm . 
T h is  s p e c tru m  i s  t y p i c a l  o f  t h e  o t h e r  p h o sp h in e  
com plexes o f  oxovanadium (IV ) p r e p a r e d  i n  




NEW PHOSPHINE AND PHOSPHINEOXIDE COMPLEXES OF OXOVANADIUMCIV̂ )
Complex C o lo r Q a lc u la te d  
C H P C
Found
H P
v o c a 2 *ebdpp*h2o G reen 56 .32 4 .7 5 11 .19 57 .10 4 .6 6 1 1 .5 0
(v o c a 2 ) 2 -eb d p p o 2 -4 h 2o (xo) B lu e -g re e n 4 0 .1 0 4 .1 1 7 .96 3 9 .1 3 5 .30 7 .5 4
V0 Br2 *EBDPP»H20 G reen 4 8 .5 2 4 .0 9 9 .6 4 48 .51 4 .4 6 9 .6 9
(V0 B r2 ) 2 .EBDPP0 2 *H20 ^ 10^ B lu e -g re e n 35 .56 2 .99 7 .07 3 5 .8 4 4 .5 9 7 .0 8
VOBr •MBDPP*H 0 G reen 47 .69 3 .8 5 9 .8 6 4 8 .7 9 4 .6 4 9 .5 4
TABLE TI
The i n f r a r e d  s p e c t r a  o f  t h e  p h o sp h in e  and p h o s p h in e o x id e  
com plexes  l i s t e d  i n  TABLE I .  The s p e c t r a  w ere  made i n  n u j o l  m u l l s .  
The v a l u e s  a r e  g iv e n  i n  cm and s = s t r o n g ,  m = medium, w = w eak, 
sh  = s h o u ld e r  and b = b r o a d .
V O C «EBDPP»H.,0: 6 98s ,  7 3 4 s ,  7 4 5 sh ,  800w, 875w, 890w, 1003v(VsO) , 
1030w, 1070w, 1104s , 1127s, 1158s , 1184sh , 1315w, 1370sh ,  1381s , 
1 442s ,  1467s ,  1594w, (+H2® b a n d s ) .
( VOCj& .  ) , « EBDPPCL«4H„0: 6 95s ,  7 3 2 s ,  7 45s ,  7 5 5 sh ,  765sh ,  795w, 850w, 
890w, 9 7 5 sh ,  995sh ,  1005v(V =0), 1027m, 1075sh , 1 00s ,  1125s ,  1185sb , 
1 1 9 5 s ,  1270w, 1317W, 1380s , 1404m, 1440s, 1 4 6 5 s ,  1590w, (+H 0 ban d s )
VOBr »EBDPP•H„ 0 : 665w, 6 9 2 s ,  7 0 0 s ,  7 25s ,  7 3 5 s ,  7 4 5 s ,  7 5 0 s ,  786w,
820w, 845w, 865w, 925w, 9 5 2 s ,  975w, 992 (VsO), 1025s ,  1 0 7 0 m, 1090s ,  
11 2 5 s ,  1140w, 1150s ,  1169s ,  1187 s^i, 1197m, 1285w, 1313w, 1336w,
1440w, 1417W, 1435s , 1438s ,  1484m, 1575m, 1589m, (+H20 b a n d s ) .
(VOBr2) • EBDPPO„«H„ 0 : 657w, 685w, 694s , 70Qs, 7 0 9 sh ,  730sh ,  7 4 0 s ,  
7 4 8 s ,  790w, 827w, 850w., 865m, 925w* 957m, 9 7 7 s , .997 , (VaO) , ,1025m, 
1075m, 1098s ,  1127m, 1165m, 1190m, 1208w, 1262m, 1315w, 1338w, 1418m
1 4 3 5 s ,  1463s ,  1478s ,  1575m, 1585m, (+H20 b a n d s ) .
VOBr2 «MBDPP*HLOs 7 0 0 s ,  7 5 0 s ,  7 9 5 s ,  9Q0w, 935m, 9 8 0 s ,  1000 (VsO), 
1 0 2 9 s ,  1075sh , 1150sb , 1325w, 1340m, 1360s , 1 4 3 5 s ,  1443s ,  1455w, 
1485m, 1 5 9 2 s ,  (+1^0 b a n d s ) .
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TABLE XXI 
ELECTRONIC SPECTRAL BANDS^a \  cm" 1
j ( b ) I I I I I
VOBr^EBDPP.H^O 1 2 ,8 5 0 (7 9 ) 1 4 ,4 1 0 (8 5 ) 2 1 , 800sh
VOC j£2 * EBDPP *H20 12 ,900 14 ,600 2 3 , 800sh
V0Br2 <-MBDPP.H20 13 ,070 14 ,500 2 1 , 2 0 0 sh
(V0Br2 ) 2 *EBDPP02 -H20 13 ,000 14 ,700 2 4 ,400sh
(v o c £ 2) 2 .e b d p p o 2 . 4 h 2o 12 ,8 0 0 14 ,700 2 3 ,8 0 0 sh
(a )  The s p e c t r a  o f  th e  f i r s t  t h r e e  compounds w ere ru n  in  CH2CU2 a s  
s o l v e n t ,  th e  re m a in in g  two compounds w ere ru n  in  a c e to n e .
(b )  There  i s  a v e r y  w eak, v e r y  b ro ad  s h o u ld e r  on th e  low e n e rg y  s id e  
o f  th e  f i r s t  b an d .  I t s  maximum p o s i t i o n  can n o t be e s t a b l i s h e d  
a c c u r a t e l y ,  b u t  i t  l i e s  i n  th e  1 0 ,5 0 0 -1 1 ,5 0 0  cm“ l  r a n g e .
SULFUR COMPLEXES OF OXOVANADIUMCIV)
The s u c c e s s  o f  p h o sp h in e s  and a r s i n e s  a s  l i g a n d s  f o r
p r p p a r in g  com plexes o f  th e  e a r l y  t r a n s i t i o n  e l e m e n t s ,  t h a t  i s ,
th o s e  i n  th e  Groups I I I ,  IV, V and V I, h a s  en co u rag ed  i n o r g a n i c
c h e m is t s  t o  e x p lo r e  t h e  p o s s i b i l i t y  o f  em p loy ing  s u l f u r  l i g a n d s
t o  fo rm  com plexes  w i t h  th e s e  e a r l y  t r a n s i t i o n  m e t a l s .  As i n  th e
c a s e  o f  p h o rp h o ru s  and a r s e n i c  l i g a n d s ,  t h e  i n t e r e s t  i n  s u l f u r
l i g a n d s  was i n  th e  p o s s i b i l i t y  o f  s t a b i l i z i n g  low o x i d a t i o n  s t a t e s
o f  m e ta l  a to m s .  Many o f  t h e s e  low o x i d a t i o n  s t a t e  m e ta l  co m p le te s
had been  p r e p a r e d  u s in g  l i g a n d s  such  a s  CO, RN=C, R^P, R^As and 
(14)
o t h e r s  . A l th o u g h  th e s e  l i g a n d s  p o s s e s s  sm a ll  t o  m o d e ra te  
sigma donor p r o p e r t i e s ,  th e y  a r e  a l l  r e a s o n a b l y  good £ i  a c c e p t o r s .
The £ i  bonds w hich  may fo rm  be tw een  t h e s e  l i g a n d s  and th e  m e ta l s  o f  
low o r  n e g a t i v e  o x i d a t i o n  s t a t e  o f f e r  a mechanism f o r  th e  rem oval o f  
h ig h  e l e c t r o n  d e n s i t y  from  t h e  m e ta l  a to m s .  A m e ta l  a tom  so 
p i -b o n d e d  i s  th u s  a b l e  to  a c c e p t  more sigma e l e c t r o n  d o n a t io n  from  
th e  l i g a n d s ;  i n  t h i s  way th e  p i - b o n d in g  sy s te m  com plim en ts  th e  
s igm a-b o n d in g  sy s tem  ( s y n e r g i s t i c  e f f e c t ) ,  r e s u l t i n g  i n  a s t r o n g e r  
m e t a l - l i g a n d  bond.
The CO l ig a n d  h as  i t s  weak sigma o r b i t a l  on th e  ca rb o n  
a tom  w h i le  t h e  jxL a c c e p t o r  o r b i t a l ,  w h ich  p r o b a b ly  g iv e s  t h e  CO-metal
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bond most o f  i t s  bond s t r e n g t h ,  i s  a p i - a n t i b o n d i n g  o r b i t a l  d i s t r i b u t e d
o v e r  b o th  t h e  c a rb o n  and oxygen a to m s .  The p h o s p h o ru s ,  a r s e n i c  and
s u l f u r  l i g a n d s  may u se  empty drr o r b i t a l s  t o  form  p i -b o n d s  w i th  a
m e ta l  a tom . A lth o u g h  th e  p i - b o n d s  formed b e tw een  th e s e  dir o r b i t a l s
a r e  w eaker th a n  th e  CO p i - b o n d s .  th e  s igm a-b o n d in g  a b i l i t i e s  o f
p h o s p h o ru s ,  a r s e n i c  and s u l f u r  l i g a n d s  a r e  much g r e a t e r ,  w i t h  th e
r e s u l t  t h a t  t h e y  fo rm  many com plexes a s  s t a b l e  a s  t h o s e  formed by
CO. A co m p ar iso n  o f  th e  £ i  a c c e p t i n g  a b i l i t i e s  o f  p h o s p h o ru s ,  a r s e n i c
and s u l f u r  l i g a n d s  w i t h  th e  a c c e p t i n g  a b i l i t y  o f  th e  c a rb o n  monoxide
l i g a n d  m ig h t be g le a n e d  from  th e  o r d e r i n g  o f  l i g a n d s  a c c o r d in g  to
(14')t h e i r  t r a n s  e f f e c t s  g iv e n  by  O r g e lN .
t r a n s  e f f e c t  o r d e r i n g
H20<0H”<NH3p y r id  in e < C jf  <Br~<NCS~
~ l"^N 0 ~ -S 0 oH"<PR„^loSr-SC(NHo) „
2  J  o 2  2
<no< cckc2h 4^ c n "
One can  se e  from  t h i s  s e r i e s  t h a t  th e  s u l f u r  l i g a n d s ,  a l th o u g h  n o t  
a s  good a s  p i - a c - c e p to r s  a s  t h e  CO l i g a n d ,  r a t e  a b o u t  e q u a l  w i t h  th e  
p h o sp h o ru s  l i g a n d s  i n  t h e i r  p i - b o n d i n g  a b i l i t i e s .  The above r e l a t i o n s  
a r e  c e r t a i n l y  n o t  q u a n t i t a t i v e  and a r e  o n ly  one m easure  o f  t h e
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a b i l i t i e s  o f  v a r i o u s  l i g a n d s  t o  p i - b o n d ; t h e y  a r e ,  how ever,  a t
l e a s t  i n d i c a t i v e .
S u l f u r  l i g a n d s  commonly a p p e a r  n o t  o n ly  a s  n e u t r a l  s p e c i e s
b u t  a l s o  a s  mono- and d i v a l e n t  s p e c i e s  w h i le  p h o sp h o ru s  and a r s e n i c
l i g a n d s  a p p e a r  m o s t ly  a s  n e u t r a l  s p e c i e s ,  a l t h o u g h  some p h o sp h id e
(R2P ) s p e c i e s  a r e  known. A t te m p ts  t o  make a  vanad ium  com plex w i t h
a n e u t r a l  s u l f u r  l i g a n d  have b e e n  l a r g e l y  u n s u c c e s s f u l .  Only one
r e p o r t ,  by F o w l e s ^ " ^ ,  h a s  b een  u ncovered  i n  t h e  l i t e r a t u r e  o f  a
p u r e l y  n e u t r a l  s u l f u r  l i g a n d  bonded t o  a vanad ium  atom . Fow les
a t te m p te d  t o  r e a c t  t h e  l i g a n d s  o f  th e  ty p e  R^S (w here  R = Me, E t ,
P r  and Bu) w i t h  VCj^ 9 b u t  i n  e a c h  ca se  t h e  V(IV) was r e d u c e d  t o
V ( I I I )  t o  g iv e  t h e  VCX^'I^* A t te m p ts  by t h i s  a u t h o r  t o  make VOBr2
com plexes  o f  t h i o u r e a  and p ro p an e  d i t h i o l  w ere l i k e w i s e  u n s u c c e s s f u l .
Vanadium com plexes o f  mono- and d i v a l e n t  s u l f u r  l i g a n d s
have b een  s u c c e s s f u l l y  p r e p a r e d .  K ing h as  p r e p a r e d  com plexes
2+o f  t h e  ty p e  (C^H^)2V2 (GH^S)^, and d i t h i o c a r b a m a t e s  o f  t h e  VO
(17 18^e n t i t y  have r e c e n t l y  been  r e p o r t e d  ’ }  . Thus, i t  seems t h a t
t h e  a d d i t i o n a l  i o n i c  c h a r a c t e r  o f  i o n i c  s u l f u r  l i g a n d s  l e a d s  t o  a 
more s t a b l e  com plex, a l th o u g h  Fow les  h a s  a p p a r e n t l y  d e m o n s t r a te d  
t h a t  t h e  n e u t r a l  l i g a n d  w i l l  bond t o  vanad ium  when i t  i s  below  th e
*The d i t h i o c a r b a m a t e s  p re p a re d  i n  t h i s  work w ere  s y n th e s i z e d  
b e f o r e  th e  d i s c o v e r y  o f  r e f e r e n c e s  17 and 18.
o x i d a t i o n  s t a t e  o f  f o u r .  Because  s u l f u r  l i g a n d s  can  be used more 
e x t e n s i v e l y  a s  i o n i c  l i g a n d s ,  p a r t i c u l a r l y  a s  m u l t i d e n t a t e  l i g a n d s ,  
th e y  a p p e a r  t o  be m o r e : v e r s a t i l e  and more i n t e r e s t i n g  th a n  th e  
pho sp h o ru s  and a r s e n i c  l i g a n d s .  Because q f  t h i s  d i f f e r e n c e ,  s u l f u r  
l i g a n d s  have r e c e n t l y  r a i s e d  some i n t e r e s t i n g  q u e s t i o n s  w hich  have 
n o t  ap p e a re d  w i th  phospho rus  and a r s e n i c  l i g a n d s .  R e c e n t ly ,
Holm «it a l .  and Gray el: a l .  p re p a re d  some com plexes o f  
N i ,  Pd, P t ,  Co, Mo, W and V w i th  l i g a n d s  o f  t h i s  ty p e :
ESR d a t a  o f  t h e s e  m e ta l  com plexes r a i s e d  th e  p rob lem  o f  a m b ig u i ty  
i n  th e  d e f i n i t i o n  of m e ta l  o x i d a t i o n  s t a t e s  when th e  l ig a n d  has 
r e l a t i v e l y  s t a b l e  o x id iz e d  and reduced  fo rm s .  I f  two m o le c u le s  o f  
form I  combined w i th  a m e ta l  i o n ,  th e  io n  would p o s s e s s  a fo rm a l  +4 
o x i d a t i o n  s t a t e .  The m e ta l  c o u ld  c o n c e iv a b ly  combine w i th  form I I  
and form  I I I ,  i n  w hich  ca se  th e  m e ta l  would have th e  fo rm al o x id a t io n
C — C
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s t a t e s  o f  z e ro  o r  +2 . The com plexes p r e p a r e d  by  Holm et: a l .  and by 
Gray et: a l .  c o u ld  n o t  e a s i l y  r e s o l v e  t h i s  a m b ig u i ty .
I t  w ould  be d e s i r a b l e ,  t h e n ,  t o  p r e p a r e  and c h a r a c t e r i z e
2+VO com plexes w i t h  s u l f u r  donor l i g a n d s ,  n o t  o n ly  b e c a u se  v e r y  few
have  p r e v i o u s l y  b e e n  p r e p a r e d ,  b u t  a l s o  b e c a u s e  o f  t h e  i n t e r e s t i n g
p o s s i b i l i t i e s  one m ig h t e n c o u n te r  from  th e  s t a n d p o i n t  o f  th e  fo rm a l
2+o x i d a t i o n  s t a t e  o f  th e  vanad ium  i n  t h e  VO e n t i t y .  W ith  t h i s  5
2+m ind, e f f o r t s  w ere  made t o  p r e p a r e  com plexes  o f  VO w i t h  l i g a n d s  
w hich  would bond , n o t  o n ly  th ro u g h  s u l f u r  a to m s ,  b u t  a l s o  th r o u g h  a 
c o m b in a t io n  o f  s u l f u r  and oxygen and th ro u g h  s u l f u r  and n i t r o g e n  
a to m s .  A co m p le te  s tu d y  o f  t h e s e  compounds was n o t  p o s s i b l e ,  b u t  
a  c u r s o r y  lo o k  a t  d a t a  d e r iv e d  from  some o f  th e s e  new com plexes 
s u g g e s t s  some i n t e r e s t i n g  av en u e s  f q r  f u t u r e  r e s e a r c h  i n  t h i s  a r e a .
EXPERIMENTAL
P r e p a r a t i o n  o f  Complexes . .
2+S o lv e n t s  used  i n  th e  p r e p a r a t i o n  o f  th e  VO com plexes 
o f  5 - m e r c a p t o - 3 - p h e n y l - l , 3 , 4 - t h i a d i a z o l e - 2 - t h i o n e ,  o r th o m e rc a p to -  
b e n z o ic  a c i d ,  d i t h i o s a l c y l i c  a c id  and 2 , 3 - d im e r c a p t o to lu e n e  w ere  
o f  r e a g e n t  g ra d e  o r  b e t t e r  and w ere  used  " o u t  o f  th e  b o t t l e "  w i th  
no f u r t h e r  p u r i f i c a t i o n .  M a n u f a c tu r e r s  o f  th e  l i g a n d s  used w ere  as
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f o l l o w s :  T h ione  l i g a n d  by A l d r i c h  C hem ical Company; o r th o m e rc a p to -
b e n z o ic  a c i d  by  Eastm an O rg a n ic  C h e m ic a ls ;  and d i t h i o s a l c y l i c  a c id
and 2 , 3 - d im e r c a p to to lu e n e  by K & K L a b o r a t o r i e s .  No a t t e m p t  was
made t o  p u r i f y  th e  f o r e g o in g  l i g a n d s ;  t h e y  w ere  u sed  a s  p u rc h a s e d
from  th e  m a n u f a c tu r e r .  I n  t h e  p r e p a r a t i o n  o f  t h e  d i t h io c a r b a m a te
c o m p lex ess how ever,  s p e c i a l  a t t e n t i o n  t o  th e  p u r i t y  and oxygen
c o n t e n t  o f  th e  s o l v e n t s  was g iv e n ,  t h e  d e t a i l s  o f  w hich w i l l  be
2+p r e s e n te d  l a t e r .  E x ce p t as  n o t e d ,  th e  s o u rc e  o f  VO was V OSO ^'^^O  
w h ich  was u sed  a s  p u rc h a s e d  w i t h o u t  f u r t h e r  a t t e n t i o n  to  i t s  p u r i t y .
1) T h io u r e a .  T r i p h e n y l p h o s p h i n e s u l f i d e .  P ropane  D i t h i o l
I n  an  a t t e m p t  t o  make com plexes o f  t h i o u r e a ,  t r i p h e n y l -  
p h o s p h in e  s u l f i d e ,  and  p ro p an e  d i t h i o l  w i th  VOBr^’ xH^O, a l a r g e  
e x c e s s  o f  l i g a n d  ( 4 :1  mole r a t i o )  was t r e a t e d  w i t h  1 g r .  ( 0 .0 0 3  
m o les)  V O B ^’ x ^ O  (x  assumed t o  be 5) i n  a m ix tu r e  o f  125 ml CH^C^ 
and 25 ml CH^OH f o r  v a r i o u s  l e n g t h s  o f  t im e  r a n g in g  from 2 h o u r s  to  
a p p r o x im a te ly  one w eek . T here  was no i n d i c a t i o n  t h a t  e i t h e r  th e  
t h i o u r e a  o r  t h e  t r i p h e n y lp h o s p h in e  s u l f i d e  combine o r  r e a c t e d  w i th  
th e  VOBr^» However, a b o u t  one h ou r  a f t e r  m ix in g ,  th e  s o l u t i o n  i n  
th e  m ix tu re  c o n t a i n i n g  th e  p ro p a n e  d i t h i o l  gave a s l i g h t  c o l o r  
change ,  t u r n i n g  from  l i g h t  g r e e n  t o  a d e e p e r  g r e e n .  A g r e e n  s o l i d
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w s a f i s o l a t e d  from  th e  g r e e n  s o l u t i o n  by e v a p o r a t i o n ,  and i t s  e l e m e n ta l
a n a l y s i s  p roved  i t  t o  be to o  low i n  c a rb o n  c o n t e n t  t o  i n d i c a t e  th e
e x i s t a n c e  o f  a t f i u r e  compound. I t  i s  l i k e l y  t h a t  t h e  c h a rg e  on th e
(15}vanad ium  atom  was to o  h ig h  y t o  accommodate t h e s e  n e u t r a l  s u l f u r  
l i g a n d s .
2) 5-mercapto-° 3 - p h e n y l - l .  3 . 4 - t h i a d i a z o l e - 2 - t h i o n e
A s o l u t i o n  o f  1 .1  g r .  (0 .0 4 1  m ole)  l i g a n d  i n  150 ml o f  
95% CH^OH was mixed w i th  0 .6 5  g r .  ( 0 .0 2  m ole) o f  V0Br2 *x5H20 and 
a l lo w e d  t o  s ta n d  f o r  two h o u r s .  A g r e e n  p r e c i p i t a t e  a p p e a re d  w hich  
was f i l t e r e d  from  th e  s o l u t i o n  and washed w i th  t h r e e  50 ml p o r t i o n s  
o f  CH^OH and two 20 ml p o r t i o n s  o f  CS2 ( w i t h  some p ro d u c t  b e i n g  l o s t
t o  t h e  CS2) . The g r e e n  p r o d u c t  was d r i e d  u n d e r  vacuum and i t s
e l e m e n ta l  a n a l y s i s  w as:
E le m e n ta l  A n a ly s i s  
Found
%C 3 5 .7 6
%H 2 .3 5
%H 10.12
%S 3 7 .5 6
3) Q rtho °-m ercap to b en zo ic  a c id
( a )  A s o l u t i o n  o f  1 .5  g r .  ( 0 .1  m ole) l i g a n d  i n  150 ml
o f  95% CHgOH was mixed w i t h  1 .4  g r .  ( 0 .0 4 5  m ole) o f  VOB^'SH^O. The
T h e o r e t i c a l  f o r
v o [ ( c 6h 5 ) n 2c 2 s 3 ] 2 - h 2o
3 5 .8 8  
2 .2 4
10 .47
3 5 .8 8
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s o l u t i o n  was s t i r r e d  w h i l e  a  s a t u r a t e d  K O H -in-m ethanol s o l u t i o n  
was added u n t i l  t h e  s o l u t i o n  re a c h e d  a deep  g r e e n  c o l o r .  The g r e e n  
s o l u t i o n  was f i l t e r e d  and d io x a n e  was added t o  th e  s o l u t i o n  u n t i l  
a muddy g r e e n  p r e c i p i t a t e  a p p e a re d .  The p r e c i p i t a t e  was f i l t e r e d  
and washed w e l l  w i t h  w a te r  and th e n  d r i e d  i n  vacuum.
(b )  An aqueous  s u s p e n s io n  o f  VO(OH) 2 was p r e p a r e d  a c c o r d in g  
t o  t h e  p ro c e d u re  d e s c r ib e d  on page 7 .  A m e th a n o l i c  s o l u t i o n  o f  t h e  
l i g a n d  was added  t o  th e  VO(OH) 2 s u s p e n s io n  u n t i l  t h e  s o l u t i o n  tu r n e d  
g r e e n  and no more brown s u s p e n s io n  re m a in e d .  The g r e e n  s o l u t i o n  
was a l lo w e d  t o  s ta n d  f o r  l %-2 h o u r s ,  i n  w h ich  t im e  a  p r e c i p i t a t e  
was fo rm ed . The p r e c i p i t a t e  was f i l t e r e d  and washed w i t h  w a t e r ,  
d r i e d  i n  vacuum, and a g a in  washed t h r e e  t im e s  w i t h  50 ml p o r t i o n s  
o f  C H C j^  3rhe p r o d u c t  was t h e n  d r i e d  i n  vacuum.
E le m e n ta l  A n a ly s i s  
Found k 2v o [ ( c 6h4 ) c o o s ] 2 . h 2o
39 .25
2 .3 4
T h e o r e t i c a l  f o r
7.C 38 .41
3 .0 0
E le m e n ta l  A n a ly s i s  
Found
T h e o r e t i c a l  f o r
v o [ ( c 6h 4 ) c o o s h ] 2
44 .917.C 4 5 .2 3
3 .7 0 2 .67
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4) D i t h i o s a l c y l i c  a c i d
The p o ta s s iu m  s a l t  o f  th e  l i g a n d  was p r e p a r e d  by  m ix in g  
t o g e t h e r  3 . 4  g r .  ( 0 .0 2 3  m o le s )  o f  l i g a n d  t o  2 .5  g r .  (0 .0 4 6  m oles)  
o f  KOH i n  aq u eo u s  s o l u t i o n  (w h ich  would p re su m a b ly  g iv e  t h e  d i a n io n  
o f  t h e  l i g a n d ) .  An aqueous  s o l u t i o n  o f  150 ml H^O and 2 .5  g r .
( . 0 1 1  m o les )  V0S0^«4H20 was mixed w i t h  th e  l i g a n d  s o l u t i o n  t o  p roduce  
im m e d ia te ly  a  muddy g ra y  p r e c i p i t a t e .  The p r e c i p i t a t e  was f i l t e r e d  
and washed w e l l  w i t h  w a te r  and d r i e d  i n  vacuum.
5) 2 . 3 -D im e rc a p to to lu e n e
A s o l u t i o n  o f  1 .2  g r .  ( 0 .0 0 8 4  m oles)  o f  l i g a n d  in  50 ml 
o f  CH^OH was mixed w i t h  a s o l u t i o n  o f  1 g r .  ( 0 .0 0 4 2  m oles)  o f  
V0SO^»4H2O i n  150 ml H^O. An a l c o h o l i c  s o l u t i o n  o f  0 . 4  g r .
(0 .0 0 8 4 )  m o les  )KOH was s lo w ly  added to  th e  s t i r r e d  V0S0^»4H20 
s o l u t i o n .  A g ra y  p r e c i p i t a t e  a p p e a re d  w h ich  was f i l t e r e d  and washed 
w e l l  w i t h  50% w a te r^ m e th a n o l  s o l u t i o n .
E le m e n ta l  A n a ly s i s  
Found
T h e o r e t i c a l  f o r
%C 2 9 .4 0
7Ji 2 . 8 8
V0(C6H5C0S2) - 3 E 20
28 .99
3 .4 5
E le m e n ta l  A n a ly s i s  
Found
T h e o r e t i c a l  f o r
VO[CH C,H S H] *H 0'3 6 3 2 J2 2 
4 2 .5 3%C 4 3 .1 0
%H 3 .6 8 4 .0 5
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6 ) P r e p a r a t i o n  o f  D i th io c a r b a m a te  L ig a n d s
The l i g a n d s  used  i n  th e  p r e p a r a t i o n  o f  V O (d i th io c a rb a m a te )
( 21)w ere  p r e p a re d  by th e  method o f  W e lch e r  , w i t h  th e  e x c e p t i o n  t h a t  
CHgOH was added  t o  t h e  w a te r  s o l u t i o n  o f  th e  l i g a n d  to  d e c r e a s e  
th e  c r y s t a l l i z a t i o n  t im e .
7) N .N ° D i th io c a rb a m a te ,  p o ta s s iu m  s a l t
The l i g a n d s  N,N-RR' d i t h i o c a r b a m a t e ,  p o ta s s iu m  s a l t  
w h ere  R and R ' a r e  E t h y l  and E t h y l ;  P i p e r d i n e ;  E th y l  and P h e n y l ;  
C y c lo h ex y l  and  C y c lo h e x y l ;  and n - b u t y l  and n - b u t y l ,  w ere  used  to  
p r e p a r e d  com plexes  o f  t h e  ty p e  VOCRj^NCSg) same p ro c e d u re
was used  t o  p r e p a r e  a l l  o f  t h e  com plexes e x c e p t  a s  n o te d .  To a 
r e a c t i o n  f l a s k  w hich  c o u ld  be p u rged  o f  a i r  was added t h e  f o l l o w i n g :
( a )  0 . 0 0 1 2  m oles  o f  V0S04 *4H20
(b )  0 .0 0 2  m oles o f  t h e  l i g a n d  d i s s o l v e d  i n  50 ml o f
CH ^C^ w h ich  had p r e v i o u s l y  b een  purged  o f  oxygen by b u b b l in g  d ry  
n i t r o g e n  th r o u g h  i t  f o r  20 m i n u te s .  I t  was n o te d  t h a t  n o t  a l l  o f  
t h e  l ig a n d  and VOSO^H^O d i s s o l v e d  i n  t h e
The m ix tu re  was a g a i n  purged  w i t h  d ry  n i t r o g e n  and im m e d ia te ly  s e a le d  
t o  le a v e  t h e  s o l u t i o n  i n  t h e  f l a s k  b l a n k e te d  w i t h  n i t r o g e n .  The 
m ix tu r e  was shaken  i n  a " c o c k t a i l  f a s h i o n "  f o r  f i v e  m in u te s  e v e ry
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h a l f  h ou r  f o r  a b o u t  t h r e e  h o u rs  d u r in g  w h ic h  tim e t h e  s o l u t i o n  tu rn e d  
deep  r e d .  The c o lo re d  s o l u t i o n  was f i l t e r e d  from t h e  n n r e a c te d  
VOSO^ un d er  a  b l a n k e t  o f  d ry  n i t r o g e n  g a s .  A q u a n t i t y  o f  150 ml 
o f  p e t ro le u m  e t h e r ,  w h ich  had b e e n  p r e v i o u s l y  p u rg ed  o f  oxygen by 
d r y  n i t r o g e n ,  was added t o  th e  r e d  s o l u t i o n  to  c a u s e  th e  VOL^
(L = NaN-HR' d i t h i o c a r b a m a t e )  t o  p r e c i p i t a t e .  The p r e c i p i t a t e  was 
washed w i t h  t h r e e  50 ml p o r t i o n s  o f  pu rged  p e t ro l e u m  e t h e r  and th e n  
d i r e d  u n d e r  vacuum. The p r o d u c t  was th e n  w a x - s e a le d  in  a f l a s k  under  
a n i t r o g e n  b l a n k e t .  The c o l o r s  o f  th e  com plexes  p r e p a r e d  w ere  
s l i g h t l y  d i f f e r e n t  f o r  d i f f e r e n t  R and R 1 g ro u p s ,  b u t  cou ld  b e s t  be 
d e s c r ib e d  a s  c o l o r s  r a n g in g  b e tw een  d i r t y  g r e e n  and d i r t y  brow n.
The f o l lo w in g  com plexes w ere  made by  th e  p r o c e s s e s  d e s c r ib e d  ab o v e :
Complex E le m e n ta l  A n a ly s i s
_______Found___________  T h e o r e t i c a l
____________________________________________ C H______ S_______ C H S
b is (N ,N “ d i e t h y l d i t h i o c a r b a m a t e )  3 2 .7 9  5 .7 5  3 2 .6 8  31 .49  5 .77 3 3 .5 9  
oxovanad ium(IV)
V 0[(C 2H5 ) 2NCS2 ] 2 *H20
b i s ( p i p e r i d i n e  d i t h i o  35 .46  5 .6 6  3 5 .7 3  5 .45
c a rb am ate )o x o v an ad iu m (IV )
v o [ c 5h 1 0n c s 2 ] . h 2o
b i s ( N ,N - m e t h y lc y c l o h e x y ld i th io  41 .77  6 .4 8  4 1 .8 3  6 .10
ca rb am ate )o x o v an ad iu m (IV )
v o [ch 3c 6h 10n c s 2>h2o
b i s ( N , N - d i c y c l o h e x y l d i t h i o  51 .36  8 .1 1  5 2 .6 2  7 .0 8
ca rb a m a te )o x o v an ad  ium(IV)
v o [ ( c 6H i0 ) 2n c s 2 ] 2 - h 20
RESULTS AND DISCUSSION
The i n f r a r e d  sp e c tru m  o f  V O ^C^H ^)2NCS2 ] 2 *h2® was r e c o rd e d  
in  n u j o l  m u l l .  A s h a rp  s t r o n g  p eak  a t  950 cm * was found w hich  i s
a s s ig n e d  t o  th e  v(VhO), w h ich  i s  g e n e r a l l y  found  i n  t h i s  r e g i o n  i n
2+ ( 22) a l l  VO co m p lex es .  An o p t i c a l  sp e c tru m  o f  th e  same complex
was made i n  n u j o l  m u l l ,  u s in g  th e  f i l t e r  p a p e r  t e c h n i q u e ,  be tw een
“ I  -  1th e  r e g i o n s  10 ,0 0 0  cm and 25 ,000  cm \  T here  was a  c o n sp ic u o u s
a b s e n c e  o f  th e  n o rm a l ly  o b se rv e d  l i g a n d  f i e l d  bands  w h ich  u s u a l l y
2+ -1  o c c u r  i n  VO com plexes i n  th e  1 4 ,0 0 0 -1 6 ,0 0 0  cm r e g i o n .  A b road
p e a k ,  how ever,  was found c e n t e r e d  a t  ab o u t  23 ,8 0 0  cm ■*■.
I t  would seem, t h e n ,  t h a t  th e  i n f r a r e d  s p e c tru m  s u g g e s t s
2+t h e  e x i s t e n c e  o f  th e  norm al VO com plex o f  th e  d i t h io c a r b a m a te
2+s p e c tru m ,  how ever,  i s  n o t  t h a t  o f  a norm al VO com plex . I t  i s
p o s s i b l e  t h a t  t h e  e l e c t r o n i c  s p e c t ru m  o f  t h e  d i t h i o c a r b a m a t e  complex
i n d i c a t e s  t h e  same a m b ig u i ty  o f  m e ta l  v a l e n c y  w h ich  e x i s t e d  i n  th e
(19)com plexes  o f  s u l f u r  l i g a n d s  p r e p a re d  by Holm ert a l .  and Gray




The f o l l o w i n g  l i g a n d s  w ere  used  t o  p r e p a r e  com plexes  w i th  
oxovanadium (IV ) e n t i t y :
1 .  5 -m ercap tO “ 3 - p h e n y l - l , 3 , 4 - t h i a d i z a o l e - 2 - t h i o n ,  p o ta s s iu m  
s a l t
J  _
K  S  C v  s










T a b le  IV (C o n tin u e d )
4 . 2 , 3 -D im e rc a p to to lu e n e
5. D i e t h y l d i t h i o c a r b a m a t e
CzfU\





6 . P i p e r i d i n e  d i t h i o c a r b a m a t e
/  < <-)
\
7 . E th y l  a n i l i n e  d i t h io c a r b a m a te
n — a <
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T ab le  IV (C o n tin u e d )
8 . D ic y c l o h e x y ld i th io c a r b a m a t e
S
/ /




AN NMR STUDY OF n-BONDING IN OXOVANADIUM( IV) COMPLEXES
A DISCUSSION OF THE PRINCIPLES OF NMR CONTACT SHIFTS
INTRODUCTION
The u se  o f  n u c l e a r  m a g n e t ic  r e s o n a n c e  a s  a means o f
s tu d y in g  p a r a m a g n e t i c  com plexes i s  s t i l l  i n  i t s  i n f a n c y .  U n t i l
r e c e n t l y  i t  was w id e ly  th o u g h t  t h a t  i t  was im p o s s ib l e  t o  do m e a n in g fu l
(23)NMR e x p e r im e n ts  on compounds p o s s e s s in g  u n p a i re d  e l e c t r o n s .
The f a i l u r e  t o  o b s e rv e  NMR s h i f t s  o f  p a ra m a g n e t ic  com plexes was
due m a in ly  t o  th e  e x t re m e ly  l a r g e  s h i f t s  and l a r g e  l i n e  b r o a d e n in g
w h ich  o c c u r s  u n d e r  t h e s e  c o n d i t i o n s  and th e  l a c k  o f  a s a t i s f a c t o r y
e x p l a n a t i o n  f o r  t h e s e  u n u s u a l  phenomena. The e a r l y  NMR w o rk e rs
c o n c e n t r a t e d  on th e  f e r t i l e  f i e l d  o f  o r g a n ic  c h e m is t r y ,  u s in g  NMR
a s  a  t o o l  t o  i d e n t i f y  and e l u c i d a t e  t h e  s t r u c t u r e  o f  n o n -p a ra m a g n e t ic
m o le c u le s .  I n o r g a n i c  a n d ,  i n  p a r t i c u l a r ,  p a ra m a g n e t ic  com plexes
(24)w ere  v i r t u a l l y  ig n o r e d .  B loem bergen  , how ever, a s  e a r l y  a s  
1950 drew a t t e n t i o n  t o  t h e  im p o r ta n c e  o f  NMR s t u d i e s  of n u c l e i  o f  
n o n -m a g n e t ic  atom s i n  p a r a m a g n e t i c  com plexes .  H is  w ords made 
l i t t l e  im p r e s s io n  on w o rk e r s  i n  th e  i n o r g a n i c  f i e l d ,  p r o b a b ly  
b e c a u se  o f  t h e  l a c k  o f  a c c e p ta n c e  o f  a t h e o r e t i c a l  f o u n d a t io n  t o  
e x p l a i n  t h e  v a r i o u s  phenomena o b s e rv e d ;  c o n s e q u e n t ly ,  l i t t l e  was 
done i n  t h i s  a r e a .  A t te m p ts  t o  e x p l a i n  t h e s e  phenomena w ere  p a r t i a l l y
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(2 5 )s u c c e s s f u l  f o r  c r y s t a l s ,  b u t  i t  rem ained  f o r  M cConnell i n
h i s  p a p e r  on i n d i r e c t  h y p e r f in e  i n t e r a c t i o n s  i n  th e  p a r a m a g n e t i c
r e s o n a n c e  s p e c t r a  o f  a r o m a t i c  f r e e  r a d i c a l s  t o  e x p l a i n  t h e  mechanisms
by w h ich  th e  l i n e  b ro a d e n in g  and th e  l a r g e  s h i f t s  (by now c a l l e d
c o n t a c t  s h i f t s )  c o u ld  ta k e  p la c e  i n  a r o m a t ic  s y s te m s .  A " f o l lo w  up"
p a p e r  by M cConnell f u r t h e r  e x p la in e d  th e  e x i s t e n c e  o f  two com ponents
o f  th e  l a r g e  s h i f t s  w h ich  became known a s  th e  i s o t r o p i c  c o n t a c t  s h i f t
( o r  s im p ly  c o n t a c t  s h i f t )  and th e  p s e u d o c o n ta c t  s h i f t . As i s  th e
c a s e  w i t h  most t h e o r i e s ,  t h e i r  m ain  v a l u e  l i e s  n o t  i n  th e  th e o r y
i t s e l f ,  b u t  r a t h e r  i n  th e  f a c t  t h a t  t h e y  g iv e  r i s e  t o  e x p e r im e n t
and r e s e a r c h  t o  p ro v e  o r  d i s p r o v e  t h e i r  v a l i d i t y  and u s e f u l n e s s .
Such was th e  c a s e  w i t h  c o n t a c t  s h i f t s ,  f o r  a f t e r  th e  c l a s s i c  p a p e r
(27)by  Shuman and J a c c a r i n o  on th e  i n v e s t i g a t i o n  o f  MnF£ c r y s t a l s  
by  NMR, t h e r e  was a n o t i c e a b l e  i n c r e a s e  o f  a c t i v i t y  i n  t h i s  a r e a  
by O rg e l ,  T aube , Shuman, Benson and E a to n ,  and l a t e r  by  H o r ro c k s ,
LaMar and D rago . E a to n  summed up th e  c a u t i o u s  o p t im is im  p r e v a i l i n g  
i n  t h i s  f i e l d  o f  r e s e a r c h  when he s t a t e d  t h a t  " th e s e  s t u d i e s  have 
y i e l d e d  a c o n s i d e r a b l e  amount o f  u s e f u l  i n f o r m a t io n  on th e  e l e c t r o n i c  
s t r u c t u r e s  and m a g n e t ic  p r o p e r t i e s  o f  t r a n s i t i o n  m e ta l  com plexes .  
However, a number o f  q u e s t i o n s  r e g a r d i n g  th e  e x t e n t  o f  a p p l i c a b i l i t y  
o f  t h i s  NMR te c h n iq u e  and th e  i n t e r p r e t a t i o n  o f  th e  r e s u l t s  s t i l l
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r e m a in . "  C o n s id e r in g  th e  l a r g e  amount o f  work h a v in g  been  done
i n  t h e  c o n t a c t  s h i f t  f i e l d  s in c e  t h i s  q u o t a t i o n  (1 9 6 5 ) ,  i t  i s  
o b v io u s  t h a t  some r e s e a r c h e r s  a r e  even  more o p t i m i s t i c  t h a n  E a to n .
REQUIREMENTS FOR CONTACT SHIFTS
T here  a r e  two main m echan ism s, and p o s s i b l y  a  t h i r d ,  w hich  
o c c a s i o n a l l y  p r e v e n t  th e  o b se rv a n c e  o f  p a r a m a g n e t i c  com plex NMR 
s p e c t r a .  The f i r s t  two m echan ism s, th e  d i p o l a r  and th e  e l e c t r o n  
s p i n - n u c l e a r  s p in '  c o u p l in g  m echanism , a r e  th e  m ost i m p o r t a n t .  A
t h i r d  m echanism , th e  q u a d ru p o le  c o u p l in g ,  w h ich  a l s o  a p p e a r s  i n
a - i ^ ( 2 3 , 2 6 , 2 9 , 3 0 )d ia m a g n e t ic  co m p lex es ,  i s  l e s s  i m p o r t a n t .  ’ 3 9
The d i p o l a r  m echanism  r e s u l t s  when p a r a m a g n e t i c  io n s  o r
com plexes  tum b le  th ro u g h  s o l u t i o n  and i n  so d o in g  s e t  up l a r g e
m a g n e t ic  f i e l d s  w h ich  i n t e r a c t  w i t h  t h e  n u c l e a r  m a g n e t ic  moment
(p ,) . I n t e r a c t i o n  o f  t h i s  h ig h  e l e c t r o n  in d u c ed  f i e l d  w i t h  th e  |i
o f  t h e  r e s o n a n t  n u c l e u s  c a u s e s  a d i p o l a r  s p i n - l a t t i c e  r e l a x a t i o n  o f
th e  n u c l e u s .  As a r e s u l t ,  T^, t h e  l o n g i t u d i n a l  r e l a x a t i o n  t i m e , i s
d e c r e a s e d .  The l i n e  w id th  W o f  th e  NMR sp e c tru m ,  w hich  i s  p r o p o r t i o n a l
t o  , becomes b r o a d e r  w i t h  d e c r e a s i n g  T and i s  o f t e n  "washed o u t " .
1 1
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The e l e c t r o n  s p i n - n u c l e a r  s p i n  mechanism f r e q u e n t l y  
d e c r e a s e s  b o th  T^ and T^ ( t h e  l a t t e r  b e in g  th e  t r a n s v e r s e  r e l a x a t i o n  
t i m e ) ,  w h ich  r e s u l t s  i n  c o n s i d e r a b l e  l i n e  b ro a d e n in g  and p o s s i b l e  
w a sh -o u t  o f  th e  s p e c tru n u  T h is  mechansim  o c c u r s  when an  u n p a i re d  
e l e c t r o n  i n  th e  v i c i n i t y  o f  th e  r e s o n a t i n g  n u c l e u s  g iv e s  r i s e  t o  a 
f l u c t u a t i n g  f i e l d  a t  th e  n u c l e u s  w i t h  a r e s u l t i n g  d e c r e a s e  i n  T^.
I f  th e  e l e c t r o n  r e l a x a t i o n  t im e  xa b e tw een  s t a t e s  S = +% and S = -%D
i s  lo n g ,  c o u p l in g  o f  th e  e l e c t r o n  and n u c le u s  w i l l  g iv e  r i s e  t o  two 
p r o to n  r e s o n a n c e  p e a k s .  A s h o r t  r e l a x a t i o n  t im e  w i l l  p ro d u ce  o n ly  
one NMR p e a k .  I f ,  how ever, th e  r e l a x a t i o n  t im e  l i e s  somewhere i n  
b e tw e e n ,  a t im e  a v e ra g e  p eak  w i l l  r e s u l t  w h ich  i n  e f f e c t  s h o r t e n s  T^ 
and c a u s e s  s e v e re  l i n e  b r o a d e n in g .
S in c e  q u a d ru p o le  moments g e n e r a l l y  p l a y  o n ly  a m inor r o l e ,  
t h e y  w i l l  n o t  be d i s c u s s e d  f u r t h e r  h e r e .
I t  can  be se e n  from  th e  above t h a t  th e  l o n g i t u d i n a l  
r e l a x a t i o n  t im e  T^ and th e  t r a n s v e r s e  r e l a x a t i o n  t im e  have  to  
be s h o r t  i n  o r d e r  t o  o b s e rv e  an  NMR l i n e  s p e c tru m  s in c e  t h e  l i n e  
w id th  W d ep en d s  on t h e  r e l a x a t i o n  tim e  o f  t h e  r e s o n a t i n g  n u c l e u s .
T^ and T^ a r e  s h o r t  i f  one o r  som etim es b o th  o f  th e  f o l l o w in g  
r e q u i r e m e n t s  a r e  m e t:
1 1—  A A . . . .  1
Tg n Tg ^
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w here
—  = exchange  r a t e  be tw een  t h e  c o o r d in a te d  s p e c i e s  and
t B th e  b u lk  s p e c i e s  ( tb *-s th e  l i f e t i m e  o f  th e  c o o r d in a te d  
s p e c i e s ) .
1—  = s p i n  r e l a x a t i o n  r a t e  f o r  t h e  e l e c t r o n  coup led  t o  th e
TS r e s o n a t i n g  n u c l e u s .  R e l a x a t i o n  i s  be tw een  s p in
s t a t e s  o f  -% and +%.
= t h e  e l e c t r o n  s p i n - n u c l e a r  s p i n  c o u p l in g  c o n s t a n t .
I t  sh o u ld  be n o te d  a t  t h i s  p o i n t  t h a t  c o n d i t i o n s  f a v o r a b l e  
t o  o b s e r v in g  an  ESR sp e c tru m  a r e  g e n e r a l l y  opposed to  th o s e  n e c e s s a r y  
f o r  o b s e r v in g  an  NMR s p e c t ru m .  T here  i s ,  how ever,  a  g r a y  a r e a  
be tw een  t h e  two c o n d i t i o n s  i n  w hich  b o th  ESR and.NMR s p e c t r a  a r e
p o s s i b l e .  F o r  t h e  few p a ra m a g n e t i c  com plexes  w hich  e x i s t  i n  t h i s
a r e a ,  t h e  A^ v a l u e s  d e te rm in e d  by b o th  ESR and NMR a g re e  v e r y  w e l l .
CONTACT SHIFTS
When an  u n p a i r e d  e l e c t r o n  i s  in d u c e d  i n t o  th e  ne ig h b o rh o o d  
o f  a r e s o n a t i n g  n u c l e u s ,  i t  changes  th e  d ia m a g n e t ic  f i e l d  a b o u t  
t h e  n u c l e u s  b e c a u se  o f  t h e  g r e a t  c h a rg e  d e n s i t y  and m a g n e t ic  moment 
o f  th e  e l e c t r o n .  As a r e s u l t  o f  t h i s  l a r g e  change i n  th e  f i e l d
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a b o u t  th e  n u c l e u s ,  th e  n u c le u s  r e s o n a n c e  f r e q u e n c y  ( o r  f i e l d )  i s
s h i f t e d  e i t h e r  u p f i e l d  o r  d o w n f ie ld  from  i t s  d i a m a g n e t ic  f i e l d
p o s i t i o n ,  u s u a l l y  by  an  e x c e p t i o n a l l y  l a r g e  amount ( a s  much a s  
5000 cp s ) . <23 ,26 ,28 ,29 ,31 ,32 ,33)
t  o£\
M c C o n n e l l g i v e s  a s  th e  p r o p e r  H a m i l to n ia n  f o r  t h e  
d e s c r i p t i o n  o f  t h e  s h i f t  r e s u l t i n g  from  th e  e l e c t r o n  s p i n - n u c l e a r  
s p i n  i n t e r a c t i o n ,  th e  f o l l o w i n g :
K  = (An S • I )  + (S • G • I )  + (S • C • I )  . . . .  2
w h e re :  f i r s t  te rm  = Sp in  c o u p l in g  te rm
second  te rm  = Sym m etric d y a d ic  w i t h  z e r o  t r a c e  
t h i r d  te rm  = Skew -sym m etric  d y a d ic .
Of p a r t i c u l a r  i n t e r e s t  i s  th e  q u a n t i t y  A , t h e  e l e c t r o n  s p i n - n u c l e a r
s p i n  c o u p l in g  c o n s t a n t ,  found  i n  th e  s p in  c o u p l in g  te rm .  I t  i s
u n f o r t u n a t e  t h a t  A does  n o t  r e s u l t  from  o n ly  one mechanism s u c h  asn J
t h e  Ferm i c o n t a c t  c o u p l in g ,  b u t  r a t h e r  from  t h r e e  d i f f e r e n t  m echanism s.
The F erm i c o n t a c t  c o u p l in g  o r  e l e c t r o n  s p i n - n u c l e a r  s p in  
c o u p l in g  te rm  i s  u s u a l l y  t h e  most dom inan t te rm ,  e s p e c i a l l y  i n  th e  
f i r s t  row t r a n s i t i o n  m e ta l  co m p lex es .  The e l e c t r o n  o r b i t - n u c l e a r  
s p i n  c o u p l in g  and th e  e l e c t r o n  s p i n - e l e c t r o n  o r b i t  ( s p i n - o r b i t a l  
c o u p l in g )  i n t e r a c t i o n s  c o n t r i b u t e  t o  t h e  r e s o n a n c e  s h i f t  t o  a
l e s s e r  e x t e n t .
To a v o id  t h e  c o m p l ic a t io n s  o f  an  o b v io u s ly  com plex sy s te m , 
t h e  An r e s u l t i n g  from  th e  t h r e e  m echanism  can be d iv i d e d  i n t o  two 
e f f e c t s :  Ac , th e  c o n t a c t  s h i f t ,  and A^, th e  p s e u d o c o n ta c t  s h i f t .
T h u s :
A = A + A . . . . 3n c p
The c o n t a c t  s h i f t  te rm  A i s  due m a in ly  t o  th e  F erm ic
c o n t a c t  c o u p l in g ;  t h a t  i s ,  t h e  e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g .
S im ply  p u t ,  t h e  u n p a i r e d  e l e c t r o n  d e n s i t y  must f i n d  i t s  way t o  th e
n e ig h b o rh o o d  (a n  s o r b i t a l  p o s s e s s e d  by  th e  r e s o n a t i n g  n u c l e u s )  o f
th e  r e s o n a t i n g  n u c l e u s  v i a  t h e  bond s y s te m  b e tw ee n  th e  s o u rc e  o f
t h e  u n p a i r e d  e l e c t r o n  d e n s i t y  and th e  r e s o n a t i n g  n u c l e u s .  The sigma
s y s te m  can be used t o  c a r r y  u n p a i r e d  d e n s i t y  th ro u g h  th e  m o le c u le ,
b u t  i t s  a b i l i t y  t o  do so a t t e n u a t e s  r a p i d l y  w i t h  t h e  number o f  bonds
(31 32)be tw een  th e  u n p a i re d  e l e c t r o n  so u rc e  and th e  r e s o n a t i n g  n u c l e u s .  9 
The e f f e c t  i s  found t o  be s m a l l ^ ^ 9^ ‘*‘9 f o r  m ost l i g a n d  
s y s te m s ,  b u t  f o r  l i g a n d s  l i k e  H^O, e t c . ,  t h e  s i g m a - t r a n s f e r
o f  s p i n  d e n s i t y  c o u ld  be a p p r e c i a b l e .
The main e f f e c t s  t o  be c o n s id e r e d  i n  c o n t a c t  s h i f t s  a r e  
t h o s e  due t o  th e  t r a n s f e r  o f  e l e c t r o n  d e n s i t y  th r o u g h  t h e  p i  s y s te m s .
The phenomena o f  d i s t r i b u t i n g  th e  u n p a i r e d  e l e c t r o n  d e n s i t y  a round  a
d e l o c a l i z e d  p i  sy s tem  i s  w e l l  u n d e r s to o d .  There  re m a in e d ,  how ever,
t h e  need f o r  a  mechanism by w hich  e l e c t r o n  s p in  d e n s i t y  (o f  p r o p e r
s p in )  c o u ld  be t r a n s m i t t e d  from  th e  p i  sy s te m  to  th e  sigma sy s tem
(25)i n  w h ich  th e  r e s o n a t i n g  n u c le u s  r e s i d e d ,  M cConnell i n  h i s  c l a s s i c  
p a p e r  on h y p e r f in e  i n t e r a c t i o n  o f  p a r a m a g n e t i c  sy s tem s  i l l u s t r a t e s  
how a p i  o r b i t a l  e l e c t r o n - s p i n  p o l a r i z a t i o n  can  be t r a n s m i t t e d  
th r o u g h  a s t r o n g  e l e c t r o n  exchange  m echanism  to  t h e  sigma b o n d in g  
e l e c t r o n  s y s te m .  Take a s  an  exam ple th e  f o l l o w i n g  p r o t i o n  o f  a 
p - d ik e t o n e  sy s tem  showing th e  p i  o r b i t a l s  o f  th e  r i n g  atoms and th e  
sigm a o r b i t a l s  o f  t h e  h y d ro g en  and th e  c e n t e r  ca rb o n  atom :
I f  a  r i n g  p r o to n  i s  a t t a c h e d  to  a ca rbon  o f  t h e  p i  sy s tem
2
w h ich  c o n t a i n s  th e  u n p a i r e d  e l e c t r o n ,  t h e  t h r e e  o r b i t a l s  s ,  sp and
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Px can  be combined t o  g i v e :
2
= A 9 (s ,  sp , Px )gaQf
b 2  = A6 ( s ,  s p 2, p p a p a
«43  = A0 ( s ,  sp  , px )o»fp
These  o r b i t a l s  combine t o  g iv e  t h e  f o l l o w i n g  m o l e c u l a r  o r b i t a l s :
^ 2  ̂ = Bonding g round  s t a t e  
Y2 = 7 2  ( ^ 1+ ^ 2" 2^ 3 ) = E x c i t e d  s t a t e
y2 _ l _
\  J L _
The e n e rg y  d i f f e r e n c e  be tw een  and ^  sm a l l  enough
t h a t  th e  exchange  m echanism  can  t a k e  p l a c e  be tw een  V and Y , th u s
1 *
t r a n s m i t t i n g  e l e c t r o n  s p i n  b e tw een  th e  p i  sy s tem  and th e  s o r b i t a l  
o f  t h e  r e s o n a t i n g  p r o t o n .  T h is  l a r g e  u n p a i r e d  s p i n  r e s u l t s  i n  th e  
l a r g e  p a r a m a g n e t i c  s h i f t s  o b s e rv e d .
The amount o f  u n p a i re d  s p i n  d e n s i t y  a t  t h e  r i n g  c a rb o n  to  
w h ich  th e  p r o to n  i s  a t t a c h e d  i s  g iv e n  by :
• . . .  4
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= e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g
Q = p r o p o r t i o n a l i t y  c o n s t a n t ,  e . g . ,
- 2 2 . 5  g a u s s  f o r  C -  H 
+27 g a u ss  f o r  C -  CH^
pn = u n p a i r e d  e l e c t r o n  d e n s i t y  a t  c a rb o n  n u c le u s
Of c o u r s e ,  i t  must be u n d e r s to o d  t h a t  t h e  ca rb o n  atom
n u c le u s  s e e s  n o t  o n ly  u n p a i r e d  e l e c t r o n  d e n s i t y  from  th e  p i  sy stem  
b u t  a l s o  from  th e  sigma sy s te m .  T h i s ,  co u p led  w i t h  th e  f a c t  t h a t  
s h i f t s  r e s u l t  from  p s e u d o c o n ta c t  m echanism s, makes th e  above r e l a t i o n  
o n ly  a p p ro x im a te .  I n  a s t r o n g  p i  sy s te m , how ever,  w here sigma e f f e c t s  
a r e  n o n - e x i s t e n t ,  o r  can  be i g n o r e d ,  and p s e u d o c o n ta c t  e f f e c t s  a re  
s m a l l  (w hich  i s  n o r m a l ly  th e  c a s e  i n  th e  f i r s t  row t r a n s i t i o n  s e r i e s ) ,  
t h e  above r e l a t i o n  seems t o  h o ld .  The c o n t a c t  s h i f t s  r e s u l t i n g  from  
t h i s  mechanism may be a s  h ig h  a s  5000 cmps o r  ev en  l a r g e r .
g - t e n s o r  o f  t h e  p a r a m a g n e t i c  com plex ; t h u s ,  t h e  p s e u d o c o n ta c t  s h i f t  
f o r  a  n u c le u s  d epends  on i t s  g e o m e t r i c a l  p o s i t i o n  i n  th e
P s e u d o c o n ta c t  s h i f t s  a r i s e  from  th e  a n i s o t r o p y  i n  th e
m o le c u le . ( 2 8 ,2 9 ,3 1 ,3 2 ) The s h i f t  i s  d e s c r ib e d  by ;





6 — a n g le  be tw een  th e  r a d i u s  v e c t o r  and th e  
c r y s t a l  a x i s
i — th e  i t h  p r o to n
r . 1 - -  th e  l e n g t h  o f  th e  i t h  r a d i u s  v e c t o r
8 H
th e  g f a c t o r  11 t o  t h e  c r y s t a l  a x i s
8 i
- -  th e  g f a c t o r  1  t o  t h e  c r y s t a l  a x i s
P — Bohr M agneton
k - -  B oltzm an C o n s ta n t
T — a b s o l u t e  t e m p e r a tu r e
S - -  e l e c t r o n  s p in  o f  th e  m o le c u le
The p r o to n  s h i f t s  a round  th e  same p i  sy s tem  due to  
p s e u d o c o n ta c t  e f f e c t s  can  be r e l a t e d  i n  th e  f o l l o w i n g  way:
2 2, AHS /AHv 3cos  0 ,-- l  3cos  0 f - l( l • i — i * •  • • # =- ; . X. ,  — *  J ! •  •  » •
v H; i  v H; j  3------------  T * -----
r . r
1 j
The u s u a l  d e s c r i p t i o n  o f  t h e  p s e u d o c o n ta c t  s h i f t  mechanism
i s  t h a t  i t  r e s u l t s  from  a c o u p l in g  o f  t h e  e l e c t r o n  and th e  n u c le u s
th r o u g h  sp ace  r a t h e r  th a n  a s  3 r e s u l t  o f  a bond c a r r y i n g  m echansim .
( 28^E a to n  } p r e d i c t s  t h a t  s h i f t s  r e s u l t i n g  from  u n p a i r e d  e l e c t r o n  
d e n s i t y  ( 4 f  e l e c t r o n s )  o f  t h e  r a r e  e a r t h  m e ta l  com plexes would be
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p r e d o m in a n t ly  p s e u d o c o n ta c t ,  s in c e  t h e  4 f  e l e c t r o n s  a r e  so d e e p ly
b u r ie d  i n  th e  e l e c t r o n  c lo u d  o f  t h e  a tom s. G e n e r a l ly ,  th e  p seu d o -
c o n t a c t  s h i f t s  a r e  sm a l l  compared t o  c o n t a c t  s h i f t s .  F o r  t h e  f i r s t
row t r a n s i t i o n  m e ta l  com plexes ,  p s e u d o c o n ta c t  s h i f t s  o f  p r o to n s  may
ra n g e  from  0 - 2 0  c p s ;  w h i le  i n  th e  second  row t r a n s i t i o n  m e ta l  com plexes ,
/  2 8 ^
th e y  may ra n g e  fro m  200-800  c p s .  The d i r e c t i o n  o f  th e  s h i f t  w i l l
be u p f i e l d  o r  d o w n f ie ld  d e p e n d in g  on th e  r e l a t i v e  s i z e  o f  g j |  and
SX*
When one p ro d u c e s  a s p e c tru m  of  a p a r a m a g n e t i c  com plex , th e  
NMR s h i f t  i s  due t o  b o th  t h e  pseudo  a s  w e l l  a s  th e  c o n t a c t  s h i f t .
The t o t a l  c o n t a c t  s h i f t  o f  th e  p a ra m a g n e t i c  sy s tem  can  be d e s c r ib e d  
by th e  f o l l o w i n g  r e l a t i o n :
M  Ye gpnn-l)S(g-U)- ^
H ~? n kT v
and f o r  p r o to n  s h i f t s  s p e c i f i c i a l l y :
.7
w h e r e :
* ve  g g s ( S f i )
__ ”  A rtf fm fl • • • OH n v 3kT 'n
H — f i e l d  s t r e n g t h
v - -  r e s o n a t i n g  f r e q u e n c y  (60  me o r  100  me)
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An e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g  c o n s t a n t
v — e l e c t r o n  g y ro -m a g n e t ic
1 e
Yn — n u c l e a r  g y ro -m a g n e t ic
g — r a t i o  o f  |A °ia^ l> mPmT----------  0 f  e l e c t r o n
°  ^ t o t .  an g .  mom.
P - -  Bohr magneton c o n s t a n t  
k - -  Boltzman c o n s t a n t
T - -  a b s o l u t e  te m p e ra tu re
I  - -  n u c l e a r  s p in
S —  e l e c t r o n  s p in
AHThe s h i f t  ^  i s  a t o t a l  s h i f t  made up o f  th e  sum o f  b o th  ri
th e  p s e u d o c o n ta c t  s h i f t  and th e  c o n t a c t  s h i f t ,  and th e  r e s u l t i n g
e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g  c o n s t a n t  A^ i s  th e  sum o f  Ac
and A .  A and A may be e i t h e r  p l u s  o r  minus d epend ing  on th e  
P c p
s ig n  o f  th e  e l e c t r o n  s p in  ( i n  r e l a t i o n  t o  th e  m a g n e tic  f i e l d )  w hich  
in d u c e s  th e  c o n t a c t  s h i f t .  I f  A^ i s  p o s i t i v e ,  th e  s h i f t  o f  th e  
n u c le u s  from i t s  ' 'd ia m a g n e t ic  p o s i t i o n "  i s  d o w n f ie ld .  T h is  i s  
b eca u se  th e  u n p a i re d  e l e c t r o n  s p i n ,  w h ich  i s  coup led  w i th  t h e  s h i f t e d  
n u c l e u s ,  h as  i t s  moment i n  th e  same d i r e c t i o n  as  t h e  m a g n e t ic  f i e l d  
and th u s  r e i n f o r c e s  th e  f i e l d .  W ith  l e s s  a p p l i e d  f i e l d  t o  cause  
r e s o n a n c e  o f  th e  n u c l e u s ,  th e  c o n t a c t  s h i f t  i s  a t  a low er f i e l d
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( d o w n f i e l d ) . When A^ i s  d e te rm in e d  t o  be  n e g a t i v e ,  j u s t  t h e  o p p o s i t e  
o f  t h e  above  i s  t r u e ,  and t h e  r e s u l t a n t  s h i f t  i s  foupd t o  be u p f i e l d .  
I t  w i l l  be shown l a t e r  t h a t  th e  m agn itude  and s ig n  o f  An p r o v id e  
c o n s i d e r a b l e  i n s i g h t  i n t o  t h e  e l u c i d a t i o n  o f  m a g n e t ic  and s t r u c t u r a l  
p r o p e r t i e s  o f  p a r a m a g n e t i c  s y s te m s .
SPIN DENSITIES
The m echanism  f o r  d i s t r i b u t i n g  u n p a i r e d  s p in  d e n s i t i e s ,  
p^ ,  a b o u t  a m o le c u le  c o n t a i n i n g  a p a r a m a g n e t i c  s p e c i e s  was p r e v i o u s l y  
d e s c r i b e d .  The s p i n  d e n s i t y  was shown t o  be  r e l a t e d  t o  th e  
e l e c t r o n  s p i n  n u c l e a r  s p in  c o u p l in g  c o n s t a n t  b y :
A = Q p n pn
From th e  NMR s p e c tru m  o f  a p a r a m a g n e t i c  m o le c u le ,  we a r e  
a b l e  t o  d e te rm in e  t h e  s ig n  o f  A^ f o r  th e  c o n t a c t  s h i f t  o f  a  n u c le u s  
i n  t h e  m o le c u le s .  Drago and o t h e r s  ’ ’  ̂ have d e te rm in e d  t h a t  
i f  t h e  r e s o n a t i n g  n u c l e u s  i s  a p r o to n  and i s  bonded to  a n  a tom  
w h ic h  fo rm s  a s y s te m  t r a n s m i t t i n g  u n p a i r e d  e l e c t r o n s  th r o u g h  i t s  
sigma b o n d s ,  th e  s i g n  w i l l  be o; s p in  and th e  s p i n  r e m a in s  th e  same 
th r o u g h o u t  th e  sigm a sy s te m . Thus, i f  a m e ta l  io n  t r a n s f e r s  a  s p in  
d e n s i t y  ( t h e  s p in  moment i s  i n  th e  d i r e c t i o n  o f  t h e  m a g n e t ic  f i e l d
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and som etim es c a l l e d  + s p i n  d e n s i t y )  t o  th e  l i g a n d  th r o u g h  i t s  
sigma bond n e tw o rk ,  th e  s p in  d e n s i t y  d i s t r i b u t e d  a t  e a c h  a tom  w i l l  
be o' s p i n .  T h e r e f o r e ,  Q f o r  a l l  sigma sy s te m s  i s  p o s i t i v e  and th e  
s p i n  d e n s i t y  pn w i l l  have th e  same s ig n  a s  A^.
F o r  a p i  sy s tem , two t y p e s  o f  g ro u p s  a t t a c h e d  t o  t h e  
p i  sy s tem  have been  i n v e s t i g a t e d .
and h 3< H >
r i n g  p r o to n  m e th y l  p r o to n
o p p o s i t e  e l e c t r o n  same e l e c t r o n  s p in
s p i n  t r a n s m i t t e d  t r a n s m i t t e d
I t  h a s  b e e n  shown t h a t  th e  Q f o r  t h e  r i n g  p r o to n  i s  a b o u t  - 2 2 .5  g a u s s
and t h a t  Q f o r  t h e  m e th y l p r o to n  r a n g e s  be tw een  5 and  30 g a u s s ,
a l th o u g h  on a b enzene  ty p e  r i n g ,  i t  i s  u s u a l l y  a b o u t  27 g a u s s .  Thus,
we s e e  from  th e  above t h a t  when A i s  d e te rm in e d  t o  be p o s i t i v e  fromn
th e  NMR s p e c tru m ,  th e  s p in  d e n s i t y  a t  t h e  c a rb o n  a tom  of t h e  r i n g  
p r o to n  g roup  i s  |3 s p in  o r  n e g a t i v e  s p i n .  The Q v a l u e  f o r  a 
CH^-group i s  p o s i t i v e ,  how ever,  when A^ i s  p o s i t i v e  th e  p^ a t  th e  
r i n g  c a rb o n  i s  p o s i t i v e  ( o r  a  s p i n ) .
52
S p in  d e n s i t y  d i s t r i b u t i o n  a b o u t  a p i  sy s tem  c a n  be 
d e m o n s t r a te d  by  u s in g  t h e  im p o r ta n t  r e s o n a n c e  fo rm s o f  v a l e n c e  bond 
s t r u c t u r e s  f o r  t h e  p i  s y s te m s .  A l l  p o s i t i o n s  a t  w h ich  a m a jo r  
c o n t r i b u t i n g  r e s o n a n c e  form p l a c e s  u n p a i r e d  e l e c t r o n s  w i l l  have s p i n  
d e n s i t y  o f  one ty p e  (of o r  |3 s p i n ) .  A l l  o t h e r  p o s i t i o n s  on th e  m o lecu le  
may have e i t h e r  th e  same s p in  o r  o p p o s i t e  s p in ,  d e p e n d in g  on s p in  
c o r r e l a t i o n  i n  t h e  p i  sy s tem , a l t h o u g h  u s u a l l y  t h e  s p in  i s  o p p o s i t e .  
Take th e  f o l l o w i n g  exam ple :
A l l y l  r a d i c a l
CH2 = CH -  CHt «♦ tCH -  CH = CH2 
(1 )  (2) (3 )  (1 )  (2) (3 )
a b
Two im p o r ta n t  v a l e n c e  bond s t r u c t u r e s  f o r  t h e  a l l y l  r a d i c a l  
can  be drawn p u t t i n g  e l e c t r o n  d e n s i t y  a t  p o s i t i o n s  (1) and ( 3 ) .  No 
v a l e n c e  bond s t r u c t u r e  can be drawn w h ich  w i l l  p l a c e  o' e l e c t r o n  d e n s i t y  
a t  p o s i t i o n  (2 )  ; t h u s ,  i t  i s  assumed t o  have |3 s p in  d e n s i t y .  Now 
c o n s i d e r  th e  f o l l o w i n g  exam ple :
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( 9 o o£\
N ic k e l ( I I ) b i s ( a m i n o t r o p o n e i i i i i n e a t e )  ’ '  ( show ing  o n ly  one
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(d )  - chem s h i f t s  i n  cps
The t h r e e  s t r u c t u r e s  ( a ) ,  ( b ) ,  and ( c )  r e p r e s e n t  th e  
t h r e e  v a l e n c e  bond s t r u c t u r e s  w h ich  can  be draw n f o r  t h e  N i ( I I )  
com plex . T hese  v a l e n c e  bond s t r u c t u r e s  show e l e c t r o n  d e n s i t y  
d i s t r i b u t e d  a t  t h e  n i t r o g e n  a tom s and a t  th e  o' and y  r i n g  p o s i t i o n s .  
P o s i t i o n  p w i l l  p r o b a b ly  have th e  o p p o s i t e  s p in  d e n s i t y .  One makes 
t h e  above  a n a l y s i s  by assu m in g  t h a t  t h e  l i g a n d  can be t r e a t e d  a s  
a r a d i c a l  and t h a t  N i ( I I )  io n ,  t h e  s o u rc e  o f  th e  u n p a i r e d  e l e c t r o n
d e n s i t y ,  c a u s e s  a  s p in  t o  be t r a n s m i t t e d  to  t h e  r a d i c a l .  One would 
th e n  e x p e c t  a  s p in  a t  t h e  two n i t r o g e n  a tom s and r i n g  p o s i t i o n s  a  
and y .  I f  s p i n  c o r r e l a t i o n s  i n  t h e  r i n g  a r e  n o t  to o  g r e a t ,  one 
would e x p e c t  o p p o s i t e  s p in  a t  t h e  |3 p o s i t i o n .
The r e l a t i o n  = Q p , w here Q i s  n e g a t i v e  f o r  th e  C-H 
g ro u p ,  i n d i c a t e s  t h a t  w i t h  a  s p i n  a t  t h e  ca rb o n  atom , th e  s p i n  a t  
th e  p r o to n  sh o u ld  be |J s p in , -  t h a t  i s ,  e l e c t r o n  s p in  w h ich  opposes  
th e  a p p l i e d  m a g n e t ic  f i e l d  Ho . The f i e l d  s t r e n g t h  Hq m ust t h e n  be 
r a i s e d  t o  a h i g h e r  f i e l d  Hq + AH i n  o r d e r  t o  p ro d u ce  r e s o n a n c e ,  and 
t h u s ,  th e  p r o to n s  a t t a c h e d  to  c a rb o n  ( o r  o t h e r  a tom s o f  p i  
c h a r a c t e r )  a r e  r e s o n a t e d  a t  a h i g h e r  f i e l d .  The o b se rv ed  c o n t a c t  
s h i f t  w i l l  t h e n  be u p f i e l d .  The o p p o s i t e  i s  t r u e  o f  p r o to n s  a t t a c h e d  
t o  r i n g  c a rb o n s  w i th  (3 u n p a i r e d  s p i n .  The NMR sp e c tru m  (d )  b e a r s  
o u t  t h i s  a n a l y s i s .  I n  F ig u r e  ( a ) ,  R was a l lo w e d  t o  be CH^. The Q 
f o r  C-CH^ ( o r  N-CH^) i s  known t o  be p o s i t i v e ,  and from  an a n a l y s i s  
s i m i l a r  t o  t h a t  ab o v e ,  one would e x p e c t  t h e  CH p r o to n s  t o . b e  
s h i f t e d  d o w n f ie ld .  T h i s  s h i f t  was o b s e rv e d  i n  th e  NMR sp e c tru m .
When th e  CH^ on th e  N was r e p l a c e d  by a p h e n y l  g ro u p ,  th e  f o l lo w in g  
v a l e n c e  bond s t r u c t u r e  cou ld  be draw n.
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I n  t h i s  c a s e ,  a  s p in  d e n s i t y  would be d i s t r i b u t e d  on th e  o ( o r th o )  
and p ( p a r a )  r i n g  p o s i t i o n s ,  w h i l e  t h e  m (m eta)  p o s i t i o n  would 
c o n t a i n  g s p in .  The M R  sp e c tru m  o f  th e  p h e n y l  g ro u p  would be 
a n a ly z e d  i n  th e  same way a s  th e  seven-m em bered r i n g  sy s tem  c o n s id e r e d  
a b o v e .
A v a l e n c e  bond c a l c u l a t i o n  was p erfo rm ed  on th e  
a m in o tro p o n e im in e  r a d i c a l  by E a t o n ^ ^  t o  d e te rm in e  th e  s p in  
d e n s i t i e s  a t  e a c h  p o s i t i o n .  These  s p in  d e n s i t i e s  w ere  a d j u s t e d  
t o  f i t  th e  s p in  d e n s i t y  d i s t r i b u t i o n  found by NMR te c h n i q u e s .
c a l c u l a t e d  f o r  . 1 0  e l e c t r o n  e x p e r im e n ta l
1I t  was found t h a t  i f  e l e c t r o n  was a l lo w e d  to  be 
t r a n s f e r r e d  to  t h e  p i  sy s tem  from  N i ( I I ) ,  t h e  c l a c u l a t e d  and 
e x p e r im e n ta l  s p i n  d e n s i t i e s  were i n  good a g re e m e n t .  One can  deduce 
from  t h e s e  r e s u l t s  t h a t  t h e  N i ( I I )  t r a n s f e r r e d  o f  an e l e c t r o n  
t o  th e  r i n g  i n  p i  b o n d in g .  A s i m i l a r  t e c h n iq u e  can  be used  t o  
d e te rm in e  th e  amount o f  c o v a l e n t  b o n d in g  i n  th e  sigma sy s te m . A
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word o f  c a u t i o n  i s  a p p r o p r i a t e  a t  t h i s  p o i n t .  As s e e n  p r e v i o u s l y ,  
many f a c t o r s  a r e  a t  w ork w h ich  d e te rm in e  th e  s i g n  and m a g n itu d e  o f  
A^. Only when t h e s e  o t h e r  f a c t o r s  can  he e i t h e r  p r o p e r l y  a c c o u n te d  
f o r  o r  ig n o re d  w i l l  t h e  above method p ro v id e  a  q u a n t i t a t i v e  a n sw e r .
I n  g e n e r a l ,  how ever ,  a q u a l i t a t i v e  a n sw e r ,  i . e . ,  t h e  s i g n  and r e l a t i v e  
m a g n itu d e  o f  An , can  be d e t e r m in e d .  T h i s  q u a l i t a t i v e  answ er i n  
i t s e l f  p r o v i d e s  a g r e a t  d e a l  o f  u n d e r s ta n d in g  o f  a  p a r a m a g n e t i c  
sy s te m .
METAL AND LIGAND CHARGE TRANSFER
An e a r l i e r  d i s c u s s i o n  o f  t h e  t o t a l  c o n t a c t  s h i f t s  o f  
p a r a m a g n e t i c  com plexes  r e v e a l e d  t h a t  s h i f t s  c o u ld  o c c u r  th r o u g h  
t h e  c o u p l in g  th ro u g h  space  o f  an  u n p a i r e d  e l e c t r o n  w i th  a  p r o to n  i n  
t h e  com plex . T h is  r e l a t i v e l y  s im p le  m echanism  was c a l l e d  th e  p se u d o ­
c o n t a c t  s h i f t .  The second  p a r t  o f  t h e  t o t a l  c o n t a c t  s h i f t ,  known 
s im p ly  a s  t h e  c o n t a c t  s h i f t ,  i s  n o t  n e a r l y  a s  s im p le .  The c o n t a c t  
s h i f t ,  som etim es r e f e r r e d  t o  a s  t h e  F e rm i c o n t a c t  s h i f t ,  r e q u i r e s
th e  t r a n s m i t t a n c e  o f  t h e  u n p a i r e d  e l e c t r o n  d e n s i t y  t h r o u g h  th e
/  28-32^
m o le c u la r  bond ing  s y s te m .  I t  h a s  b een  shown t h a t  th e
d i s t r i b u t i o n  o f  u n p a i r e d  s p i n  d e n s i t y  o c c u r s  i n  b o th  th e  p i  n e tw o rk  
and th e  sigm a n e tw o rk  o f  th e  m o le c u le  and i t  i s  p o s s i b l e  t o  envoke
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h y p e r c o n j u g a t i o n  t o  e x p l a i n  t r a n s m i t t a n c e  o f  pn from  sigma t o  p i
f28  36^
and from  p i  t o  sigma s y s te m s .  7 G e n e r a l ly ,  th e  e n e r g e t i c a l l y  
u n f a v o r a b l e  mechanism  of h y p e r c o n j u g a t i o n  compared to  th e  p u re  p i  
o r  sigm a t r a n s m i s s i o n  can  be  ig n o r e d .  Through  ea c h  o f  t h e  p i  and 
sigm a n e tw o rk s ,  u n p a i r e d  e l e c t r o n  d e n s i t y  can  be t r a n s m i t t e d  a s  a 
r e s u l t  o f  m e t a l - t o - l i g a n d  ch a rg e  t r a n s f e r  (M -♦ L) o r  th ro u g h  
l i g a n d - t o - m e t a l  c h a rg e  t r a n s f e r  (L -*M ). The s p in  o f  th e  e l e c t r o n  
d e n s i t y  can  e i t h e r  be a  o r  g s p i n .
A summary o f  th e  m e ta l  and l i g a n d  c h a rg e  t r a n s f e r s  t o  
p ro d u c e  c o n t a c t  s h i f t s  a r e  shown t o  b e :
Netw ork T ypes o f  T r a n s f e r
sigm a oM -* L
aL -  M 
pL -  M
p i  aM L
OIL -* M 
PL -» M
(32)A sigma model was p ro p o se d  by H o r ro c k s .  '  " I f  u n p a i r e d  
s p i n  d e n s i t y  r e s i d e s  i n  m e ta l  o r b i t a l s  o f  sigma symmetry and i s  
t r a n s f e r r e d  t o  t h e  sigma o r b i t a l s  o f  th e  l i g a n d s ,  th e  m a g n e t ic  
f i e l d  o f  th e  p r o to n s  i s  r e i n f o r c e d  b y  th e  e l e c t r o n  s p i n  m a g n e t ic  
f i e l d  and th e  p r o to n  r e s o n a n c e s  a r e  a l l  s h i f t e d  t o  lo w er  a p p l i e d
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f i e l d s .  These s h i f t s  a t t e n u a t e  r a p i d l y  a s  th e  number o f  bonds  
b e tw ee n  a g iv e n  p r o to n  and th e  m e ta l  i n c r e a s e . "
Note t h a t  when H o rro ck s  s p e a k s  o f  m e ta l  e l e c t r o n  d e n s i t y ,  
he i s  r e f e r r i n g  to  d e n s i t y  w i t h  a  s p i n  s i n c e  a l l  u n p a i r e d  e l e c t r o n  
d e n s i t i e s  on t h e  m e ta l  a tom s " l i n e  up" w i t h  th e  m a g n e t ic  f i e l d .
P s p in  d e n s i t y ,  t h e r e f o r e ,  i s  n e v e r  t r a n s f e r r e d  f ro m  t h e  m e ta l  t o  
th e  l i g a n d  i n  a  sigma n e tw o rk .  The same r e s u l t s  a t t a i n e d  by 
(oil -* L) c o u ld  a l s o  be a c c o m p lish e d  by h a v in g  th e  l i g a n d  d o n a te  
3 s p in  t o  th e  m e ta l  (pL -> M). T h is  would cau se  an  e x c e s s  o f  a  
s p in  on t h e  l i g a n d  w hich  would r e s u l t  i n  th e  same d o w n f ie ld  s h i f t  
o f  t h e  sigma p r o to n s  (p ro v id e d  b o th  m echanism s a f f e c t e d  t h e  same 
l i g a n d  p i  o r b i t a l s ) .  A t r a n s f e r  o f  a  s p in  from  l i g a n d  t o  m e ta l  
(ofL -» M) w ould  have j u s t  th e  o p p o s i t e  s h i f t  a s  th e  above two c a s e s .  
A know ledge o f  t h e  p o s i t i o n  o f  a l l  t h e  d e l e c t r o n s  i n  t h e  m e ta l  io n  
and th e  e n e rg y  r e l a t i o n s  be tw een  t h e  d o r b i t a l s  and l i g a n d  o r b i t a l s  
i s  n e c e s s a r y  t o  p r o p e r l y  a n a ly z e  th e  ty p e  o f  c h a rg e  t r a n s f e r  
e x p e c t e d .  T h i s  w i l l  be d i s c u s s e d  u n d e r  c h a rg e  t r a n s f e r  i n  t h e  
p i  sy s te m .
Charge t r a n s f e r  i n  t h e  p i  sy s tem  was r e a s o n a b l y  w e l l
(2 8  30  36)
s tu d i e d  by E a to n  and many o t h e r s .  » * / E a t o n ' s  s t u d i e s  of
(  28"ip a r a m a g n e t i c  t r a n s i t i o n  m e ta l  a c e t y l a c e t o n a t e s  , co u p led  w i t h
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t h e  s t u d i e s  o f  o t h e r s ,  p r o v id e s  t h e  i n f o r m a t io n  n e c e s s a r y  t o  a r r i v e
a t  a t e c h n iq u e  f o r  p r e d i c t i n g  th e  ty p e  o f  t r a n s f e r  w h ich  o c c u r s  i n
t h e  p i  sy s te m  o f  t r a n s i t i o n  m e ta l  co m p lex es .  E a to n  g i v e s  th e
f o l l o w i n g  a n a l y s i s  o f  th e  c h a rg e  t r a n s f e r  i n  t h e  p i  sy s te m  o f  th e
t r a n s i t i o n  m e ta l  a c e t y l a c e t o n a t e s .
"The sm ooth change i n  NMR s h i f t s  from  Ti(IXX) to  Fe(XIX)
s u g g e s t s  s t r o n g l y  t h a t  t h e r e  i s  no a b r u p t  change  i n  mechanism  a lo n g
t h e  s e r i e s  and i t  would seem to  be a  f a i r  a s s u m p tio n  t h a t  th e  s h i f t s
i n  th e  M n ( I I I )  compound a r e  a l s o  p r e d o m in a te ly  c o n t a c t  i n  n a t u r e .
P s e u d o c o n ta c t  e f f e c t s  w i l l  t h e r e f o r e  be n e g l e c t e d  i n  th e  e n s u in g
d i s c u s s i o n  o f  t h i s  s e r i e s .
"The c o n t a c t  mechanism  im p l i e s  t h a t  th e  e l e c t r o n  s p i n  has
b e e n  p a r t l y  d e l o c a l i z e d  f ro m  th e  m e ta l  atom  t o  th e  l i g a n d .  T h i s  can
o c c u r  e i t h e r  th r o u g h  th e  s igm a o r b i t a l s  o r  t h r o u g h  th e  p i  o r b i t a l s .
(37)The r e s u l t s  o f  Forman, M u r r e l l  and O rg e l  '  s u g g e s t  t h a t  th e  s p in  
i s  i n  t h e  l i g a n d  p i  s y s te m ,  and t h i s  i s  p e rh a p s  th e  more l i k e l y  
s i t u a t i o n  s in c e  a l l  th e  s igm a o r b i t a l s  w i l l  be e i t h e r  s t r o n g l y  
b o n d in g  o r  s t r o n g l y  a n t ib o n d in g  and t h e r e f o r e  d i s t a n t  i n  e n e rg y  from  
t h e  b a s i c a l l y  nonbond ing  m e ta l  d o r b i t a l s .  The p o s i t i o n s  o f  t h e  
r e l e v a n t  o r b i t a l s  a r e  shown d i a g r m a t i c a l l y  i n  F ig u r e  5 .
"T here  a r e  two p o s s i b l e  t y p e s  o f  i n t e r a c t i o n ,  nam ely , 
b e tw een  t h e  m e ta l  d o r b i t a l s  and t h e  b o tto m  a n t ib o n d in g  l ig a n d
L ig an d  tT*
M eta l  d 
O r b i t a l s
L igand  tt
Symmetry 
a2 + e
a^  + e
a^ + e
a 2 + e
a l  + e 
* 2  + 6
TABLE 5
ORBITALS OF THE (D3) POINT GROUP IN METAL ACETYLACETONATES
61
p i  o r b i t a l s ,  and be tw een  th e  m e ta l  d o r b i t a l s  and t h e  to p  b o n d in g
l ig a n d  p i  o r b i t a l s .  The fo rm er w i l l  c o r r e s p o n d  to  ch a rg e  t r a n s f e r
from  th e  m e ta l  t o  th e  l i g a n d .  I t  may be n o te d  t h a t  i n  t h i s  p o i n t
g roup  (D^) b o th  ty p e s  o f  i n t e r a c t i o n  w i t h  e i t h e r  s e t  o f  d o r b i t a l s
a r e  a l lo w e d  by symmetry. The m e t a l - t o - l i g a n d  c h a rg e  t r a n s f e r  must
r e s u l t  i n  t h e  d e l o c a l i z a t i o n  o f  p o s i t i v e  s p i n .  The l i g a n d - t o - m e t a l
c h a rg e  t r a n s f e r  m ust r e s u l t  i n  t h e  d e l o c a l i z a t i o n  o f  p o s i t i v e  s p in
i f  t h e  d s h e l l  i s  h a l f - f i l l e d  o r  m ore , s i n c e  o n ly  t h e  g e l e c t r o n s
can  be a c c e p t e d ,  l e a v in g  an  e x c e s s  o f  a  e l e c t r o n s  on th e  l i g a n d ,
b u t  w i l l  p r o b a b ly  r e s u l t  i n  n e g a t i v e  s p i n  d e l o c a l i z a t i o n  f o r  a l e s s
th a n  h a l f - f i l l e d  d s h e l l  s i n c e  th e  maximum s p in  m u l t i p l i c i t y  w i l l
(  28^
be p r e s e r v e d  by th e  t r a n s f e r  o f  an a  e l e c t r o n . '
The a n a l y s i s  scheme p ro p o se d  by  E a to n  may be summarized 
i n  t h e  f o l lo w in g  s t e p s .  (The s h i f t s  a p p ly  t o  th e  a c a  r i n g  p r o t o n ) .
( a )  F o r  m e t a l - t o - l i g a n d  (M -» L) c h a rg e  t r a n s f e r ,  th e  
u n p a i r e d  s p in  w i l l  be  a  s p i n  on th e  l i g a n d  a t  th e  oxygen .
H
tO*“C = C — ■(!•= 0  ++ 0 = C —tC— C 0 * *  0 = : C— C = C  Of
a b c
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D raw ing th e  m a jo r  v a l e n c e  bond s t r u c t u r e s  o f  th e  a c a  r a d i c a l ,  one 
s e e s  t h a t  a  s p i n  on th e  l i g a n d  p l a c e s  a  s p i n  a t  t h e  C-H g ro u p  o r  
3 s p in  a t  t h e  p r o t o n .  The s h i f t  a t  t h e  p r o to n  due t o  p s p i n  w i l l  
be u p f i e l d .
(b )  F o r  aL  -* M, p s p in  w i l l  be l e f t  on th e  l i g a n d .  The
p s p in  on th e  l i g a n d  w i l l  r e s u l t  i n  a  s p i n  a t  t h e  C-H p r o to n  and
t h e  s h i f t  i s  e x p e c te d  t o  be d o w n f ie ld .
(c )  F o r  pL -* M, a  s p in  w i l l  be l e f t  on t h e  l i g a n d  and
t h e  r e s u l t  w i l l  be o p p o s i t e  t h a t  o f  b ,  i . e . ,  t h e  s h i f t  w i l l  be
u p f i e l d .
As an  exam ple o f  th e  u se  o f  th e  above r u l e s ,  l e t  us
c o n s id e r  T i ( I I I ) ( a c a ) w h i c h  i s  a d sy s te m  w i t h  u n p a i r e d  e l e c t r o n s
l y i n g  i n  t h e  t ^  o r b i t a l s .  I t  i s  e x p e c te d  t h a t  t h e r e  w i l l  be
ciL -* M c h a rg e  t r a n s f e r  i n t o  th e  t „  o r b i t a l s  s i n c e  t h e  t „  o r b i t a l s
2  g 2g
a r e  l e s s  th a n  h a l f  f u l l  and would a c c e p t  p a r a l l e l  e l e c t r o n  s p in  
r a t h e r  th a n  have th e  d o n a te d  e l e c t r o n  d e n s i t y  p a i r  up o r  go i n t o  th e
h i g h e r  e o r b i t a l .  T h i s  r e s u l t s  i n  p s p i n  on th e  l i g a n d ,  and a s
§
p e r  (b )  ab o v e ,  th e  s h i f t  sh o u ld  be  d o w n f ie ld .  The NMR s h i f t  was 
o b s e rv e d  by E a to n  to  be d o w n f ie ld .
I f  one c o n s i d e r s  M n ( I I I ) ( a c a ) y  t h e r e  w i l l  be a c h o ic e  o f  
e i t h e r  pL -» M d o n a t io n  t o  th e  lo w er  h a l f - f i l l e d  d o r b i t a l s  o r
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a L  M d o n a t io n  t o  th e  upper  em pty d o r b i t a l s .  The p r e f e r r e d  
p o s s i b i l i t y  w i l l  depend on th e  r e l a t i v e  m a g n itu d e  o f  t h e  exchange  
i n t e r a c t i o n  and th e  l i g a n d  f i e l d  s p l i t t i n g .  The o b s e rv e d  s h i f t  
f o r  M n ( I I I )  com plex was d o w n f ie ld ,  w h ich  would  i n d i c a t e  aL -* M.
T h is  would te n d  t o  i n d i c a t e  t h a t  t h e  e f f e c t  o f  l i g a n d  f i e l d  
s p l i t t i n g  i s  l e s s  th a n  t h e  exchange  i n t e r a c t i o n  e f f e c t s .
W ith  F e ( I I I ) ( a c a ) t h e  o n ly  p o s s i b i l i t y  i s  d o n a t io n  o f  
PL -» M b e c a u se  o f  more t h a n  h a l f - f i l l e d  d o r b i t a l s .  T h is  r e s u l t s  i n  
u n p a i r e d  o' s p i n  d e n s i t y  on th e  l i g a n d  w i t h  th e  r e q u i r e m e n t  t h a t  th e  
s h i f t  be d o w n f ie ld .  The s h i f t  was so o b s e rv e d .
We can  s e e  from  th e  above exam ples  t h a t  th e  r u l e s  f o r  
p i  b o n d in g  w ork  w e l l .  To sa y  t h a t  t h e s e  r u l e s  a r e  g e n e r a l  enough 
t o  have w ide a p p l i c a t i o n  r e m a in s  t o  be s e e n .  T here  a r e  some f a c t o r s  
such  a s  sigma c o n t a c t  s h i f t s ,  m o le c u la r  symmetry, c r y s t a l  f i e l d  
s p l i t t i n g ,  p s e u d o c o n ta c t  s h i f t s ,  and o t h e r s ,  w h ich  t o g e t h e r  m ig h t  
c o n t r i b u t e  more t o  t h e  s h i f t  th a n  t h a t  o f  t h e  p i  c o n t a c t  s h i f t .  
T h e r e f o r e ,  b a se d  on a  know ledge o f  l i g a n d  o r b i t a l  e n e r g i e s ,  d o r b i t a l  
e n e r g i e s ,  symmetry, e t c . ,  one m ust make a n  a n a l y s i s  o f  th e  c o n t a c t  
s h i f t  f o r  e a c h  i n d i v i d u a l  c a s e .
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CONTACT SHIFTS AS A TOOL
The e x p l o r a t o r y  p h ase  o f  c o n t a c t  s h i f t s  i s  i n  f u l l  bloom . 
Enough u s e f u l  i n f o r m a t i o n  i s  known t o  b e g i n  u s i n g  c o n t a c t  s h i f t s  a s  
so m e th in g  more th a n  phenomena o f  ou r  s c i e n t i f i c  c u r i o s i t y .  A s e a r c h  
o f  t h e  c o n t a c t  s h i f t  l i t e r a t u r e ,  w h ich  was by no means c o m p le te ,  
shows t h a t  a s  a t o o l ,  i t  i s  v e r y  v e r s a t i l e  and u s e f u l .  F i n a l l y ,  
t h e n ,  i t  w o u ld  be p e r t i n e n t  t o  b r i e f l y  m e n tio n  some a s p e c t s  o f  
c h e m is t r y  t o  w h ich  c o n t a c t  s h i f t s  have been  a p p l i e d .
1 .  Bonding System s
a„ E a to n ,  R e f . 28: By com paring  th e  d i s t r i b u t i o n
a b o u t  a  p i  sy s te m  d e te rm in e d  by b o th  NMR and a M cLachlan MO 
c a l c u l a t i o n ,  E a to n  was a b l e  t o  d e te rm in e  th e  d e g r e e  o f  m e ta l  -  l i g a n d  
c o v a l e n t  b o n d in g .
b .  F a c k l e r ,  R e f . 38 : Hydrogen b o n d in g  i n  i n o r g a n i c  
com plexes  was s t u d i e d ,
c .  H o r ro c k s ,  R e f . 39 : H o rro ck s  i n v e s t i g a t e d  t h e  p i  b o n d in g  
s y s te m s  o f  i s o q u i n o l i n e - 2 - o x id e  and i s o q u i n o l i n e - l - o x i d e .
d .  E a to n ,  R e f . 30: E a to n  d e v e lo p e d  a  new a p p ro a c h  to
th e  s tu d y  o f  e x te n d e d  p i  s y s te m s ,  c o n j u g a t io n  and h y p e r c o n j u g a t i o n .
He d e m o n s t r a te d  th e  c o n j u g a t io n  l i n k a g e  o f  b i p h e n y l ,  s t i l l b e n e ,  
a zo b e n z e n e  and - - -S O ^ ----- .
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2 3e .  E a to n ,  R e f . 36 : E a to n  compared th e  C-H sp and sp
2 3bond w i t h  t h e  C-F sp and sp bond .
2 . S te r e o  C h e m is try  and S t r u c t u r a l  D e te r m in a t io n
a .  H o l tz c la w ,  R e f . 40 :  H o l tz c la w  s tu d i e d  th e  c i s  and 
t r a n s  s p e c i e s  o f  d i a q u o b i s ( e th y le n e d ia m in e )  C o ( I I I )  i o n .
b .  D rago , R e f . l :  U sing  th e  r e l a t i o n s h i p
Ye S (S + l)
= -A i g|3, by  p l o t t i n g  v s  —, Drago was a b l e  t o  i n v e s t i g a t e
^n
t h e  t e m p e r a t u r e  ra n g e  o v e r  w h ich  some m e ta l  com plexes changed from  
o c t a h e d r a l  t o  t e t r a h e d r a l .
c .  H o r ro c k s ,  R e f . 41 : H o rro ck s  was a b l e  t o  d e te rm in e
th e  M-N-0 a n g l e  o f  N i ( I I )  and C o ( l l )  a c e t y l a c e t o n a t e  p y r id i n e - N - o x i d e  
co m p lex es .
do D rago , R e f . 42 : Drago s t u d i e d  c i s  and t r a n s  co m p lex es .
e .  D rago, R e f . 43 :  Drago d e m o n s t r a te d  t h a t  c o n t a c t  s h i f t s
a r e  t r a n s m i t t e d  th r o u g h  h a lo g e n  io n s  c o o r d in a t e d  t o  th e  m e ta l  and 
th u s  p ro v id e d  a  method f o r  d e t e r m in in g  w h e th e r  o r  n o t  c e r t a i n  
h a lo g e n s  a r e  i n  t h e  c o o r d i n a t i o n  s p h e r e .
f .  E a to n ,  R e f . 28: E a to n  d e te rm in e d  w h e th e r  com plexes
su ch  a s  N iC aca )^  w ere  p o ly m e r iz e d  i n  c e r t a i n  s o l v e n t s .
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3 . K i n e t i c s
a .  H o l tz c la w ,  R e f . 40 :  H o l tz c la w  s u g g e s te d  a method o f  
s tu d y in g  th e  k i n e t i c s  o f  m e ta l  co m p lex es .
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1 . C o n ta c t  S h i f t  -  u n u s u a l l y  l a r g e  NMR c h e m ic a l  s h i f t s  i n  
p a r a m a g n e t i c  m o le c u le s  due t o  e l e c t r o n  s p i n - n u c l e a r  s p in  
c o u p l in g  o f  th e  u n p a i re d  e l e c t r o n ( s )  w i t h  t h e  r e s o n a t i n g  
n u c l e u s ,
2 . T^ -  d i p o l a r  s p i n - l a t t i c e  r e l a x a t i o n  o r  l o n g i t u d i n a l  r e l a x a t i o n  
t im e ,  r e s u l t i n g  from  th e  i n t e r a c t i o n  be tw een  t h e  e x c i t e d  n u c l e a r  
s p i n  moment and th e  l a t t i c  f i e l d s  o f  a to m s ,  m o le c u le s  and
io n s  tu m b l in g  i n  t h e  n e ig h b o rh o o d  ( l a t t i c e )  o f  t h e  e x c i t e d  
n u c l e u s .  The r e l a x a t i o n  e n e rg y  t r a n s m i t t e d  r e s u l t s  i n  an 
i n c r e a s e d  r o t a t i o n  and t r a n s l a t i o n  o f  th e  n e i g h b o r i n g  m o le c u le s ,
3 .  -  s p i n - s p i n  r e l a x a t i o n  o r  t r a n s v e r s e  r e l a x a t i o n  t im e  r e s u l t i n g
from  th e  i n t e r a c t i o n  be tw een  t h e  e x c i t e d  n u c l e a r  s p i n  moment and 
o t h e r  s p i n s  ( o f  b o t h  e l e c t r o n s  a s  w e l l  a s  n u c l e i ) .  T h is  ty p e
o f  r e l a x a t i o n  i s  p r e v a l e n t  i n  s o l i d s ,
4 .  i/TV. " exchange  r a t e  be tw een  th q  c o o r d in a t e d  s p e c i e s  and th eJ5
b u lk  s p e c i e s  (iv, i s  th e  l i f e t i m e  o f  a  c o o r d in a t e d  s p e c i e s ) ,15
5 . r e i a x a t i ° n r a t e  c o n s t a n t  f o r  a b u lk  s o l v e n t  m o le c u le ,  
( T2A i s  t h e  l i f e t i m e  o f  a b u lk  s o l v e n t  s p e c i e s  i n  t h e  e x c i t e d  
s t a t e ) .
T a b le  VI (C o n t in u e d )
6 . 1 / t 0„ -  th e  r e l a x a t i o n  r a t e  c o n s t a n t  f o r  a c o o r d in a t e d  s p e c i e s
2 d
( n o t  t h e  same a s  1 / t o a ; r a t h e r ,  t ot> i s  th e  l i f e t i m e  o f  a
2A  2 d
c o o r d in a t e d  s p e c i e s  i n  t h e  e x c i t e d  s t a t e ) .
7 . 1 / t a -  S p in  r e l a x a t i o n  r a t e  f o r  t h e  u n p a i r e d  e l e c t r o n s .  ( t c i sb b
t h e  l i f e t i m e  o f  u n p a i r e d  e l e c t r o n s  i n  t h e  p a ra m a g n e t i c  s p e c i e s ) .
2+V ery  se ldom  w i l l  1/ t c  a f f e c t  t h e  l i n e  b r o a d e n in g  ( e x c e p t  Mn ) .b
8 . L in e  w id th  W -  W i s  p r o p o r t i o n a l  t o  th e  r e c i p r o c a l  o f  th e  
a v e r a g e  t i m e ,  t ,  t h e  sy s te m  sp e n d s  i n  th e  e x c i t e d  s t a t e .
W «  1 / t .  W i s  m easu red  i n  cp s  from  th e  NMR s p e c tru m .
9 . Q u ad ru p o le  moment -  a n  e l e c t r i c  moment r e s u l t i n g  from  an  
u n sy m m e tr ic a l  d i s t r i b u t i o n  o f  e l e c t r i c  c h a rg e  i n  t h e  n u c l e u s .
The n u c l e u s  h a s  (21+1) o r i e n t a t i o n s  w h ich  c o u p le  w i t h  e l e c t r o n s  
and n u c l e a r  f i e l d s  t o  p ro d u ce  l i n e  b r o a d e n in g .
1 0 . -  e l e c t r o n  s p i n - n u c l e a r  s p i n  c o u p l in g  c o n s t a n t  (som etim es
c a l l e d  th e  c o n t a c t  i n t e r a c t i o n  c o n s t a n t ) .
1 1 . Ye "  m a g n e to g y r ic  r a t i o  o f  e l e c t r o n s ;  t h e  r a t i o  o f  t h e  e l e c t r o n  
m a g n e t ic  moment t o  t h e  e l e c t r o n  a n g u l a r  momentum.
1 2 . Yn -  m a g n e to g y r ic  r a t i o  o f  n u c l e u s ;  th e  r a t i o  o f  t h e  n u c l e a r  
m a g n e t ic  moment t o  t h e  n u c l e a r  a n g u l a r  momentum.
13 .  I  -  n u c l e a r  s p i n ;  f o r  t h e  p r o t o n  I  = %, and th u s  M̂ . = I ,  ( 1 - 1 ) , . . . .  
( - I + D - I  = %,
T a b le  VI (C o n tin u e d )
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14. S -  e l e c t r o n  s p i n .
15 . H -  f i e l d  s t r e n g t h ,  u s u a l l y  i n  g a u s s .
16. v -  f r e q u e n c y  o f  r e s o n a n c e .
17. Q -  p r o p o r t i o n a l i t y  c o n s t a n t  f o r  = Q p^. F o r  ex am p le ,  Q = - 2 7 .5
g a u s s  f o r  ( a r o m a t i c ) ; Q = +27 g a u ss  f o r  C-CH^.
18 . -  s p i n  d e n s i t y  -  f r a c t i o n  o f  a n  u n p a i r e d  e l e c t r o n  w h ich  
a p p e a r s  t o  be l o c a l i z e d  a t  n .  p^ i s  e i t h e r  + o r  ~. V e c to r  
a d d i t i o n  +pn -  p a r a l l e l  t o  n e t  s p in  o f  th e  s p e c i e s .  V e c to r  
s u b t r a c t i o n  ” pn “ a n t i p a r a l l e l  t o  n e t  s p in  o f  t h e  s p e c i e s  a s  
a  w h o le .
19 . Exchange i n t e r a c t i o n  -  t h e  u n p a i r i n g  o f  e l e c t r o n  s p i n s  so a s  t o  
r e d u c e  th e  e n e rg y  o f  th e  s y s te m  t h r o u g h  exchange  i n t e r a c t i o n
o f  e l e c t r o n s  h a v in g  th e  same s p in .
SOME APPLICATIONS OF NMR CONTACT SHIFTS—NMR EVIDENCE 
FOR PI-BONDING IN OXOVANADIUM( IV) COMPLEXES
INTRODUCTION
E v er  s in c e  t h e  p u b l i c a t i o n  o f  th e  m o le c u la r  o r b i t a l
c a l c u l a t i o n  o f  an  e n e rg y  l e v e l  scheme f o r  VOSO^-SH^O by B a l lh a u s e n
and G r a y ^ ^  , t h i s  e n e r g y  scheme ( h e r e a f t e r  te rm ed  th e  BG scheme)
h a s  b een  u t i l i z e d  by some t o  e x p l a i n  t h e i r  d a t a  and c h a l le n g e d  and
a l t e r e d  by o t h e r s  t o  a c c o u n t  f o r  t h e i r  o p t i c a l  s p e c t r a l  o r  ESR 
(3  13)d a t a  * . The BG e n e rg y  l e v e l  scheme, shown i n  F ig u r e  6 , t a k e s
i n t o  a c c o u n t  p i - b o n d i n g  be tw een  th e  vanad ium  atom  and th e  a x i a l
oxygen a tom , b u t  does  n o t  t a k e  i n t o  a c c o u n t  t h e  p o s s i b i l i t y  o f
p i - b o n d in g  be tw een  th e  e q u a t o r i a l  w a te r  m o le c u le  oxygens and th e
vanad ium  a tom . I f  one c o n s i d e r s  th e  m o l e c u la r  o r b i t a l  scheme f o r
t h e  w a te r  m o le c u le  a s  g iv e n  by McGlynn e t  a L  ( s e e  T ab le  V I I ) ,
one can s e e  t h a t  b o t h  t h e  b^ and b ^ m o le c u la r  o r b i t a l s  ( l y i n g
m o s t ly  on t h e  oxygen) have  th e  p r o p e r  symmetry f o r  b o n d in g  w i th
t h e  d (b„ )  o r b i t a l  o f  t h e  vanad ium  a tom . The BG scheme ig n o r e s  xy  2
any  i n t e r a c t i o n  be tw een  t h e s e  o r b i t a l s  and l e a v e s  t h e  d (b„ )  a s  
J x y '  2 '
a p u re  n o n -b o n d in g  a to m ic  o r b i t a l .
I n  a p r i m a r i l y  q u a l i t a t i v e  e n e rg y  l e v e l  scheme f o r  th e  
VOSO^SH^O m o le c u le ,  S e l b i n ,  Holmes and  M c G l y n n u t i l i z e d  t h e
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F igure  6
2+
M o le c u la r  O r b i t a l  Scheme f o r  VOCl^Q)^ .
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m o le c u la r  o r b i t a l  o f  t h e  w a te r  m o le c u le  t o  bond w i t h  t h e  b^
2*
o r b i t a l  o f  t h e  VO , and an  e n e rg y  l e v e l  scheme q u i t e  s i m i l a r  t o
t h e  BG scheme was d e d u c e d .  K iv e l s o n  and L e e ^ ^  exam ined t h e  ESR
s p e c t r a  o f  V O (aca)2 ( a c a = a c e t y l a c e t o n a t e  io n )  and [V O ( te t r a p h e n y l -
p o r p h y r i n ) ]  and c a r r i e d  o u t  a  somewhat more i n c l u s i v e  MO c a l c u l a t i o n ; ,
b u t  i n  t h e  manner o f  t h a t  o f  B a l lh a u s e n  and G ray .  From t h e i r  e x p e r im e n ts
t h e y  deduced  t h a t  t h e  lo n e  e l e c t r o n  i s  i n  a  b*  o r b i t a l  w h ich  i s
’’a lm o s t  c o m p le te ly  l o c a l i z e d  on th e  vanad ium  i n  a  d a to m ic  o r b i t a l "
and t h a t  " i n - p l a n e  p i - b o n d in g  i s  s l i g h t "  i n  b o th  c o m p le x e s .  Z e rn e r
and G outerm an^3^  c a r r i e d  o u t  mqre d e t a i l e d  " e x te n d e d  Hiickel
2+c a l c u l a t i o n s "  on VO p o r p h in s ,  i n c l u d i n g  i n  t h e i r  c a l c u l a t i o n s
a l l  v a l a n c e  o r b i t a l s  o f  a l l  th e  a tom s i n  t h e  p o r p h in  sy s te m .  They
deduced  t h a t  t h e  b „  o r b i t a l  i s  99% a n  a to m ic  3d vanad ium  o r b i t a l .2g xy
(52) 4+H ech t and J o h n s to n  '  p e rfo rm e d  ESR e x p e r im e n t s  on V i n  Na^O-l^O^
2+g l a s s  sy s te m s ,  and th e y  c a r r i e d  o u t  MO c a l c u l a t i o n s  f o r  t h e  VO
s y s te m  i n  t h i s  o x id e  io n  e n v i ro n m e n t .  They c o n c lu d e d  t h a t  t h e r e  i s
some i n - p l a n e  p i - b o n d i n g ,  and t h e r e f o r e ,  t h e  lo n e  e l e c t r o n  i s  n o t
e n t i r e l y  l o c a l i z e d  on th e  vanad ium  a tom . T hus ,  t h e  s q u a re  o f  t h e i r
2
b o n d in g  c o e f f i c i e n t ,  ^  ( i . e . ,  (pg )  ) j i n  th e  MO w a v e fu n c t io n  
^ b 2 = M 3dxy) + ^ 2 ^ ^ 2py l  + 2px2 " 2py3 " 2px4^
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f o r  t h e  o r b i t a l  was i n  t h e  ra n g e  0 . 8 3 - 0 . 8 6 ,  r a t h e r  t h a n  1 .0 0  a s
had been  assumed i n  th e  BG scheme,
A more r i g o r o u s  s e m i - e m p i r i c a l  MO c a l c u l a t i o n  c a r r i e d  o u t
(53)by V anqu ickenborne  and M cGlynn' a r r i v e s  a t  th e  f o l lo w in g  makeup 
o f  t h e  b^  MO:
< = ( 0 .9 3 ) ( 3 d xy) _  ( 0 . 1 8 ) ( 2 P y l  + 2px 2  -  2py 3  -  2px 4 )
(w here  t h e  x ' s  and y ' s  r e f e r  t o  s p e c i f i c  oxygens  1, 2 , 3 and 4, 
l o c a t e d  on th e  x  and y  a x e s  i n  t h e  e q u a t o r i a l  p l a n e ) .
The s p e c i f i c  o b j e c t  o f  t h i s  work w as t o  d e te rm in e  i f
24-
p r o t o n  NMR s t u d i e s  o f  s e l e c t e d  VO com plexes  c o u ld  e x p e r i m e n t a l l y  




The compound VOSO^^HgO was p u rc h a s e d  from  th e  V a r la c o id  
C hem ical Company. I t  was d r i e d  i n  a  vacuum and a n a ly z e d  o n ly  f o r  
h y d ro g e n .  Found ; 3.40%R. C a l c u l a t e d  f o r  V O SO ^^I^P : 3 .417H . A
s t o c k  s o l u t i o n  o f  2 % (C H ^)^SiC G H ^2^ ° 3^ a w a te r  was p r e p a r e d  and 
used  t o  make up t h e  aq u eo u s  s o l u t i o n s  o f  v a n a d y l  s u l f a t e  f o r  th e  
NMR i n v e s t i g a t i o n .  The t r i m e t h y l s i l a n e  s a l t  was ch o sen  a s  an  i n t e r n a l  
s t a n d a r d  b e c a u se  o f  i t s  s o l u b i l i t y  i n  aq u eo u s  s o l u t i o n s  and b e c a u se  
i t s  r e s o n a n c e  m e th y l  p eak s  c o i n c id e  w i t h  th o s e  o f  TMS ( t e t r a m e t h y l -  
s i l a n e ) .
VOSO, • 2CH„0H  4“ =— 3—
In  o r d e r  t o  p r e p a r e  an h y d ro u s  s o l u t i o n s  o f  VOSO^ i n  
m e th a n o l ,  t h e  f o l l o w i n g  p ro c e d u r e  was em ployed . Ten grams o f  VOSO^»411^0 
was added t o  300 ml o f  an h y d ro u s  m e th a n o l .  The s o l u t i o n s  was r e f l u x e d  
u n t i l  a l l  of t h e  s o l i d  had d i s s o l v e d .  Then th e  s o l u t i o n  was h e a t e d  
u n t i l  a b o u t  h a l f  o f  th e  m e th a n o l  had e v a p o r a t e d .  Upon c o o l i n g ,  t h e  
s o l u t i o n  y i e l d e d  a b lu e  c r y s t a l l i n e  compound whose e l e m e n t a l  a n a l y s i s  
i n d i c a t e d  t h e  fo rm u la  V0S0^»2CH,jOH. C a l c u l a t e d :  11.5%C, 3.5%H;
Found: 11.2%C, 3.0%H. T h is  p r o d u c t  was added  to  a n h y d ro u s  m e th an o l
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t o  p r e p a r e  t h e  s o l u t i o n s  u sed  i n  th e  NMR s t u d i e s *  T e t r a m e t h y l s i l a n e  
(TMS) was u se d  a s  th e  i n t e r n a l  s t a n d a r d .
V O (ac a )„
T h i s  compound was p u rc h a s e d  from  t h e  V a r la c o id  Chem ical 
Company* The VOCaca)^ was r e c r y s t a l l i z e d  from  h o t  a c e t o n i t r i l e .
The s o l u t i o n  o f  VOCaca)^ was p r e p a r e d  w i th  CDCj^ a s  a  s o l v e n t ,  
u s in g  TMS a s  t h e  i n t e r n a l  s t a n d a r d .
VOSO^» 2 (o -p h e n )
The o - p h e n a n t h r o l i n e  was p u rc h a s e d  from  J . T .  Baker C hem ical 
Company. A s o l u t i o n  o f  3 .5  g r .  ( 0 .0 2  m oles)  o f  o - p h e n a n t h r o l i n e  i n  
100 ml CH^OH was added t o  2 . 4  g r .  ( 0 .0 1  m o le s )  o f  VOSO^AHgO d i s s o l v e d  
i n  150 ml o f  50 -50  w a te r  m e th an o l  s o l u t i o n .  The s o l u t i o n  was h e a te d  
j u s t  t o  i t s  b o i l i n g  p o i n t ;  t h e n  a l lo w e d  to  c o o l .  Upon c o o l in g ,  a 
p r e c i p i t a t e  formed w h ich  was washed w e l l  w i t h  a c e to n e  and e t h e r  and 
d r i e d  i n  a  vacuum. A n a l y s i s :  Found: 43.927.C, 4.217.H; C a l c u l a t e d :
4 4 .  997*C, 3.15%H. The s o l u t i o n  o f  V 0S0^»2(o-phen) was p r e p a re d  w i t h  
CH^NO^ u s in g  TMS a s  an  i n t e r n a l  s t a n d a r d .
A V a r ia n  HA 60 S p e c t ro m e te r  was u sed  t o  o b t a i n  t h e  NMR 
s p e c t r a  o f  s o l u t i o n s  o f  VOSO^'AH^O, V O (aca)^  and V 0S0^«2(o-phen) 
w h i l e  a V a r ia n  HA 100 S p e c t ro m e te r  was used  t o  o b t a i n  th e  NMR sp e c tru m  
o f  a s o l u t i o n  o f  VOSO.• 2CH„OH.
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THEORY
A g e n e r a l  th e o r y  o f  t h e  NMR of  p a r a m a g n e t i c  com plexes  i n  
s o l u t i o n  i s  g iv e n  i n  t h e  f i r s t  p a r t  o f  C h a p te r  I I  and i s  e n t i t l e d :
"A DISCUSSION OF THE PRINCIPLES Of NMR CONTACT SHIFTS". The w orks
(23} (54}by Drago and by Benson and P h i l l i p s  a r e  recommended a s
s u p p le m e n ta ry  r e a d i n g  to  t h e  above d i s c u s s i o n  o f  c o n t a c t  s h i f t s .
The th e o r y  and i t s  a p p l i c a t i o n  t o  t h e  p r e s e n t  w ork i s  g iv e n  by 
(55}W ayland and R ic e N '  f o r  th e  p r o t i o n  w hich  c o v e r s  th e  a p p l i c a t i o n  o f  
NMR t o  th e  s tu d y  o f  V O SO ^A ^O ; t h e  w ork b y  E a t o n ^ ^  on NMR o f  
p a r a m a g n e t i c  t r a n s i t i o n  m e ta l  a c e t y l a c e t o n a t e s  c o v e r s  t h e  a p p l i c a t i o n  
and th e o r y  f o r  t h e  p r o t i o n  o f  t h i s  work c o n c e rn in g  V0 ( a c a ) 2  and 
VOSO^» 2 ( o - p h e n ) .
1
The e l e c t r o n  r e l a x a t i o n  t im e ,  t , f o r  th e  d e l e c t r o n  i ns
th e  V0 ^+ s p e c i e s  was found  t o  be  a p p r o x im a te ly  3 x  10 ^ s e c o n d s ^ ^ ’
A lth o u g h  th e  e l e c t r o n  r e l a x a t i o n  t im e  o f  a p a r a m a g n e t i c  io n  i s
(54}a f f e c t e d  by l i g a n d s  t o  w h ich  i t  i s  c o o r d in a t e d  , t h e  l i g a n d  f i e l d
d o es  n o t  s i g n i f i c a n t l y  change t h e  r e l a x a t i o n  t im e .  The v a l u e  Of
-9  2+3 x  10 seco n d s  i s  p ro b a b ly  a  r e a s o n a b l e  v a l u e  f o r  m ost VO e l e c t r o n
2+r e l a x a t i o n  t i m e s ,  r e g a r d l e s s  o f  t h e  l i g a n d  t o  w h ich  t h e  VO s p e c i e s  
i s  a t t a c h e d .  The t h a s  an  e f f e c t  on b o th  T- ( t h e  l o n g i t u d i n a l
S 1
r e l a x a t i o n  t im e )  and T^ ( t h e  t r a n s v e r s e  r e l a x a t i o n  t im e )  o f  r e s o n a t i n g
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n u c l e i  i n  s o lu t io n , ,  I f  t h e  r e s o n a t i n g  n u c l e i  a r e  p a r t  o f  th e  l i g a n d s  
w h ich  a r e  e x c h a n g in g  w i t h  e a c h  o t h e r ,  o r  w i t h  o t h e r  l i g a n d s  i n  a 
s o l u t i o n  c o n t a i n i n g  p a r a m a g n e t i c  i o n s ,  th e  r e l a x a t i o n  t im e  f o r  t h e s e
/  C£\
n u c l e i  i s  g iv e n  by th e  r e l a t i o n  :
1 _  = c ( 3  + ;• v  V ) >  2C' -■•1- ■ T . . . . 9
xi  i-m t  h w t ts c  s s
= C ( 3 . 5 + + G' Cl  +  T . . . . 1 0
2 1-tWTT h w t t  ss c  s s
I f  T i s  l a r g e ,  a s  i s  t h e  c a se  w i t h  t f o r  t h e  u n p a i r e d  e l e c t r o n  o f  s s
2+VO , t h i s  t a f f e c t s  T , b u t  h a s  v e r y  l i t t l e  e f f e c t  on T , and t h i s
S Z  J-
, ■ ■ (56)r e l a t i o n  i s  g iv e n  a s  '  :
¥ 2 w 0 i  t  + v  t s
w here  T = T e m p e ra tu re ,  T) = v i s c o s i t y  o f  th e  s o l u t i o n ,  and and
a r e  c o n s t a n t s .  T hus ,  we can  se e  t h a t  i f  t i s  l a r g e ,  t h e  v a l u e  o fs
T£ i s  s m a l l .  The e f f e c t  o f  T2 on th e  l i n e  w i d t h ,  W, o f  a n  NMR
s p e c t ru m  i s  g iv e n  b y  th e  r e l a t i o n ^ ^ :
W . . . . 1 2
2
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I f  T„ i s  sm a ll  a s  a  r e s u l t  o f  th e  l a r g e  t , e x t re m e  l i n e  b ro a d e n in g  z s
can r e s u l t .  T h i s  r e l a t i o n  can be u n d e r s to o d  i f  one c o n s id e r s  th e  
u n c e r t a i n t y  p r i n c i p l e :
AE At ~  h . o o . l 3
As th e  l i f e t i m e  o f  th e  e x c i t e d  s t a t e  becomes v e ry  s h o r t  ( i . e . ,  At i s  
s m a l l ) ,  th e  u n c e r t a i n t y  i n  th e  e n e rg y  o f  t h i s  s t a t e ,  AE, becomes 
l a r g e .  The l i f e t i m e  o f  a  n u c le u s  i n  a  p a r t i c u l a r  s p in  s t a t e  w i l l  be 
d e te rm in e d  by th e  r e l a x a t i o n  p r o c e s s .  T hus ,  i f  AP i s  l a r g e ,  a wide 
ra n g e  o f  f r e q u e n c i e s  i s  a b s o rb e d  i n  t r a n s i t i o n s  r e s u l t i n g  i n  l i n e  
b ro a d e n in g .
2+S in c e  t f o r  VO i s  l a r g e ,  and l i n e  b ro a d e n in g  o f  th e  NMR s
s p e c t r a l  l i n e s  i n  i t s  com plexes a r e  o f t e n  to o  s e v e re  to  be ob se rv ed
( a s ,  f o r  exam ple , i n  th e  ca se  o f  V O S O ^A ^O ), a t e c h n iq u e  t o  c ircu ip v en t
t h i s  l i n e  b ro a d e n in g  must be em ployed . I f  t h e  exchange o f  a w a te r
m o le c u le  be tw een  th e  b u lk  w a te r  and t h e  c o o r d i n a t i o n  s p h e re  o f
VOSO^AH^O i n  an  aqueous s o l u t i o n  i s  so r a p i d  t h a t  an  a v e ra g e  w a te r
p r o to n  p eak  a p p e a r s  on t h e  NMR sp e c tru m  r a t h e r  th a n  two p eak s
r e p r e s e n t i n g  th e  s o lv e n t  w a te r  and th e  c o o r d in a te d  w a t e r ,  t h e  ch em ica l
s h i f t  o f  th e  c o o rd in a te d  w a te r  p r o t o n s ,  from  th e  p u re  w a te r  p r o to n
p o s i t i o n ,  Av . can be c a l c u l a t e d  from t h e  o b se rv ed  a v e ra g e  w a te r  comp
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p r o to n  c h e m ic a l  s h i f t ,  Av ^  , from  th e  r e l a t i o n ;
Av x  f  = Av , . . . . 1comp comp ods
Here t h e  f  i s  t h e  f r a c t i o n  o f  t h e  t o t a l  w a te r  m o le c u le s  com plexed . comp
I n  t h i s  way, th e  c h e m ic a l  s h i f t  o f  t h e  w a te r  p r o to n s  c o o r d in a t e d  t o  
2+t h e  VO can  be d e te rm in e d  ev en  th o u g h  th e  p r o to n  p e a k s  o f  VOSO^^H^O
a r e  to o  b ro a d  t o  be o b s e rv e d  i n  a  s o l v e n t  su ch  a s  d io x a n e .  The
p r o to n  p e a k s  o f  V O (aca)^  i n  CHCj^ and VOSO^»2(o-phen) i n  CH^KO^
w ere  b r o a d ,  b u t  n o t  so b ro a d  t h a t  t h e y  w ere  u n o b s e r v a b le .  T hus ,  i t
w as n o t  n e c e s s a r y  t o  em ploy t h i s  t e c h n iq u e  t o  o b s e rv e  t h e  HMR s p e c t r a  
2+o f  t h e s e  two VO co m p lex es .
The o b se rv e d  c h e m ic a l  s h i f t  o f  t h e  l i g a n d  n u c l e i  r e s u l t i n g
from  t h e  e f f e c t  o f  th e  u n p a i r e d  e l e c t r o n  on t h e  m e ta l  n u c l e u s  can
be a s c r i b e d  t o  e i t h e r  t h e  p s e u d o c o n ta c t  o r  th e  F erm i c o n t a c t  s h i f t .
The p s e u d o c o n ta c t  s h i f t  i s  th e  r e s u l t  o f  th e  a n i s o t r o p y  o f  t h e  g 
f a c t o r  and  i s  g iv e n  by th e  r e l a t i o n ^ ;
jtai -  S ( s + 1 )  .-3 cos  6 - 1 1 2 _ . 2. c
v "  45kT L r 3 ■ II | |  x S r
w here  v = f r e q u e n c y ,  S = e l e c t r o n  s p i n ,  p = Bohr m agne ton , ye and yn
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a r e  m a g n e to g y r ic  r a t i o s  o f  th e  e l e c t r o n  and th e  n u c l e u s ,  r e s p e c t i v e l y ;
0 i s  t h e  a n g l e  iaestWsen' g j j  (w h ich  i s  c o i n c i d e n t  w i t h  th e  p r i n c i p a l  
a x i s )  and a  v e c t o r  o f  l e n g t h  r  j o i n i n g  t h e  c e n t r a l  m e ta l  w i t h  th e  
r e s o n a t i n g  n u c l e u s .  T hus , one can  see  t h a t  th e  p s e u d o c o n ta c t  s h i f t  
o f  a r e s o n a t i n g  n u c l e u s  i s  d e p e n d e n t  on i t s  s p a t i a l  a r ra n g e m e n t  i n  
t h e  p a ra m a g n e t i c  m o le c u le .
The Ferm i c o n t a c t  s h i f t ,  w h ich  o c c u r s  when some u n p a i r e d  
s p i n  d e n s i t y  i s  t r a n s f e r r e d  from  th e  l ig a n d  t o  th e  m e t a l ,  o r  from  
t h e  m e ta l  t o  t h e  l i g a n d  a to m s ,  th ro u g h  e i t h e r  t h e  sigma o r  p i  bonds 
formed b e tw ee n  th e  m e ta l  and l i g a n d  a to m s ,  makes up th e  g r e a t e s t  p a r t  
o f  th e  c h e m ic a l  s h i f t ;  i n  m ost c a s e s .  The amount o f  s p in  d e n s i t y  
t r a n s f e r r e d  t o  o r  f ro m  an  a tom  t o  w h ich  t h e  r e s o n a t e  n u c l e u s  i s  
a t t a c h e d  i s  r e l a t e d  t o  th e  e l e c t r o n  s p i n - n u c l e a r  s p i n  c o u p l in g  c o n s t a n t
A. The l a t t e r  c o n s t a n t ,  i n  t u r n ,  i s  r e l a t e d  t o  t h e  c o n t a c t  s h i f t  by 
e q u a t i o n  8 ^ ^  :
M  _ gftSXS.H-1) 8
— «  o i m t • • • U
v yn  3kT
w here  t h e  sym bo ls  have  th e  same i d e n t i t y  a s  t h e y  have  i n  e q u a t i o n  7 .
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RESULTS
The a v e ra g e  p r o to n  ch em ica l  s h i f t  o f  th e  c o o r d in a te d  w a te r  
f ro m  u n c o o r d in a te d  w a te r  i n  th e  aqueous  s o l u t i o n  o f  VOS0..4ELO was
h  2,
found to  be 8 . 5 4  ppm (513 cps)  d o w n f ie ld  from  t h e  u n c o o rd in a te d  w a te r ,
A
a s  shown i n  T a b le  V I I I .  From e q u a t io n  7 ,  ^  was d e te rm in e d  t o  be
5
3 .0  x  10 c p s ,  and s in c e  th e  s h i f t  was d o w n f ie ld ,  A m ust t h e r e f o r e
be p o s i t i v e .  A t y p i c a l  sp e c tru m  o f  aqueous  VOSO^*4 ^ 0 ,  w h ich
d e m o n s t r a t e s  t h e  e x t e n s i v e  l i n e  b ro a d e n in g  r e s u l t i n g  from  a l a r g e
T  , i s  shown i n  F ig u r e  7 .  s
The p r o to n  c h e m ic a l  s h i f t  f o r  -OH p r o to n s  i n  th e  m e th a n o l i c
s o l u t i o n  o f  VOSO^ was d e te rm in e d  t o  be 10 ppm (1000 ±  25 cps)  d o w n f ie ld
Afrom  th e  u n c o o rd in a te d  m e th an o l  (T a b le  V I I I ) .  The v a lu e  f o r w a s
5
c a l c u l a t e d  t o  be 3 .4 5  x  10 . No n o t i c e a b l e  s h i f t  was found f o r  
t h e  m e th y l  p e a k .  Both th e  -OH and th e  m e th y l p eak s  w ere found to  
be b ro a d e n e d ,  b u t  th e  “ CH^ peak  n o t  n e a r l y  a s  much a s  t h e  -OH p e a k .
The m e th y l  p r o to n  ch em ica l  s h i f t  f o r  V0 ( a c a ) 2  (F ig u re  9a) 
i n  CDCjJg was found  t o  be 15 cps  d o w n f ie ld  from  th e  d ia m a g n e t ic  m e thy l 
p r o t o n  peak  found  i n  Z n ^ c a ) ^  (F ig u re  9 b ) .  The peak  was s e v e r e l y  
b ro a d e n e d ,  p re su m ab ly  by th e  slow  r e l a x a t i o n  o f  th e  p a ra m a g n e t ic  io n .
I t  was n o t  p o s s i b l e  t o  l o c a t e  th e  CH r i n g  p e a k .  A p eak  w hich  resem bled
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F i g u r e  7
The p r o to n  NMR s p e c tru m  o f  VOSO.*4Ho0 i n  a q u eo u s  s o l u t i o n .  
TMS i s  u se d  a s  a n  i n t e r n a l  s t a n d a r d .

t h e  CH p e a k  was found j u s t  u p f i e l d  from  t h e  m e thy l p e a k ,  b u t  when th e
s p e c tru m  was r u n  w i t h o u t  TMS, t h i s  peak  d i s a p p e a r e d .  I t  a p p e a r s  t h a t
t h i s  p e a k  o r i g i n a t e s  from  TMS a s  a  s p in n in g  s id e  b an d .
T h ree  o f  t h e  f o u r  s e t s  o f  e q u i v a l e n t  h y d ro g en s  o f  VOSO^*2(o-phen)
w ere  found  t o  be  b ro ad en e d  ( F ig u r e  1 0 ) ? b u t  t h e y  w ere  found  t o  be v e r y
l i t t l e  s h i f t e d  from  th e  r e s o n a t e  p o s i t i o n  o f  th e  same h y d ro g e n s  o f
th e  d ia m a g n e t i c  l i g a n d  ( F ig u r e  1 0 ) .  A f o u r t h  p e a k ,  w h i c h . l i e s  n e a r e s t  
2+t h e  VO s p e c i e s  i n  th e  m o le c u le ,  c o u ld  n o t  be l o c a t e d  on th e  NMR 
s p e c tru m .
j
DISCUSSION
ESR measurement s^"*^’ p l a c e  th e  u n p a i r e d  e l e c t r o n  o f  V0^+ 
i n  th e  d o r b i t a l , i n  s u p p o r t  o f  th e  BG scheme. T h is  a s s ig n m e n t  
i s  a c c e p te d  a s  f a c t  and used  by  a l l  o t h e r  w o rk e rs  i n  th e  
f i e l d . 1 3 , 4 7 , 5 1 , 5 2 , 5 3 )  ̂ x h e re  i s  l i t t l e  d o u b t  t h e n  t h a t  th e  
u n p a i re d  e l e c t r o n  i s  i n  t h e  d o r b i t a l  i n  th e  g round s t a t e .  I f
one a c c e p t s  th e  symmetry g ro u p  a s  th e  p o i n t  g ro u p  o f  th e  V atom
(47 531i n  t h e  V0S0.«4H„0 m o le c u le  i n  s o l u t i o n  ’ , t h e n  th e  d o r b i t a l4 2 ’ xy
h a s  b^ ( o r  b*) symmetry. From symmetry c o n s i d e r a t i o n s  a l o n e ,  i t  can
o n ly  p i  bond w i t h  e i t h e r  th e  b^ o r  b^ MO's on th e  e q u a t o r i a l  w a te r
m o le c u le s  (T a b le  V I I ) .
Wayland and Ricê "*"*  ̂ demonstrated the e x is te n c e  o f  TT-bonding
2+  2+  2+b e tw ee n  c o o r d in a t e d  w a te r  m o le c u le s  and th e  m e ta l  io n s  Co , Fe , Mn
and F e^+ . The p r o to n  NMR o f  t h e s e  io n s  i n  aqueous  s o l u t i o n  was ru n
2+ 2+a lo n g  w i th  aq u eo u s  s o l u t i o n s  o f  Co and Ni whose u n p a i r e d  e l e c t r o n s  
a r e  i n  o r b i t a l s  o f  o n ly  sigm a symmetry. The c o n t r i b u t i o n  due to
2+sigma u n p a i r e d  e l e c t r o n  t r a n s f e r ,  t a k e n  a s  th e  e f f e c t  g iv e n  by Ni ,
2+ 2+ 2+was " s t r i p p e d "  o u t  o f  th e  r e s u l t s  found f o r  Co , Fe , Mn and 
2+Fe l e a v i n g  o n ly  t h e  e f f e c t  c o n t r i b u t e d  by p i -b o n d  u n p a i re d  e l e c t r o n  
t r a n s f e r .  Good c o r r e l a t i o n  be tw een  th e  e l e c t r o n  s p i n  S i n  th e  t  
o r b i t a l s  and th e  e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g  c o n s t a n t s  was
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fo u n d ,  a summary o f  w h ich  i s  g iv e n  i n  T ab le  IX.
Wayland and R ice  used  a MO e n e rg y  l e v e l  scheme o f  w a te r  
s i m i l a r  t o  t h a t  o f  M c G ly n n ^ ^  t o  deduce  t h a t  b o th  t h e  b^ and th e  
b^ w a te r  MO’s have  t h e  a p p r o p r i a t e  symmetry f o r  p i - b o n d in g  be tw een  
th e  m e ta l  io n  and th e  w a te r  m o le c u le .  In d e e d ,  t h e  p a r a m a g n e t i c  s h i f t s  
o b s e rv e d  by W ayland and R ice  a r e  i n t e r p r e t e d  u s in g  b o th  b^ and b^
w a t e r  MO’ s bonded to  t h e  t „  o r b i t a l s  o f  th e  m e ta l  i o n .
2g
( 5 9 )
I t  h a s  b e e n  shown by R adfo rd  '  t h a t  s p in  d e n s i t y  t r a n s f e r  
t h r o u g h  th e  b^ o r b i t a l  would cau se  a  s h i f t  u p f i e l d ,  w h e re a s  s p in  
d e n s i t y  t r a n s f e r r e d  th ro u g h  th e  b^ o r b i t a l  would cau se  a s h i f t  t o  
be  d o w n f i e ld .  S in c e  th e  o b s e rv e d  s h i f t  f o r  th e  m e ta l  i o n s  was 
d o w n f ie ld ,  W ayland and R ice  co n c lu d ed  t h a t  a l th o u g h  th e  b^ o r b i t a l  
m ust p l a y  th e  m a jo r  r o l e  i n  b o n d in g ,  th e  b^ o r b i t a l ,  w h ich  i s  more 
e f f i c i e n t  i n  t r a n s m i t t i n g  s p in  d e n s i t y  t o  th e  h y d ro g e n ,  i s  r e s p o n s i b l e  
f o r  t h e  o b s e rv e d  s h i f t .  The r e a s o n  t h a t  t h e  b^ o r b i t a l  i s  more 
e f f i c i e n t  f o r  t r a n s f e r r i n g  s p i n  d e n s i t y  i s  b e c a u se  i t  i s  made up 
o f  b o th  th e  oxygen 2p and th e  hyd ro g en  I s  o r b i t a l s ,  and th u s ,  any  
s p i n  d e n s i t y  t r a n s f e r r e d  th ro u g h  t h i s  o r b i t a l  goes  d i r e c t l y  i n t o  
t h e  h y d ro g en  o r b i t a l .  The b^ o r b i t a l ,  how ever, i s  l e s s  e f f i c i e n t  
b e c a u se  h y p e r c o n j u g a t i o n  ( o r  s p i n  p o l a r i z a t i o n )  must be in v o lv e d  
(a  much l e s s  e f f i c i e n t  p r o c e s s )  t o  t r a n s f e r  s p i n  d e n s i t y  t o  a hydrogen
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o r b i t a l .  I n  any  c a s e ,  d e l o c a l i z a t i o n  o f  u n p a i r e d  p i  e l e c t r o n
d e n s i t y  i n t o  t h e  w a te r  m o le c u le  i s  p r e s e n t .
2+The o b s e rv e d  s h i f t  f o r  th e  VO io n  i n  w a te r  i s  found  to
be d o w n f ie ld . b u t  o f  much s m a l l e r  m ag n itu d e  th a n  th o s e  s h i f t s  ob se rv ed
by Wayland and R ice  f o r  t r a n s i t i o n  m e ta l  io n s  w i th  more d ( i . e . ,  t  )
e l e c t r o n s .  However, i t  can be co n c lu d ed  on th e  b a s i s  o f  t h e  f o r e g o in g
r e s u l t s  and d i s c u s s i o n  t h a t  t h e r e  i s  in d e e d  e x p e r im e n ta l  p r o to n
2+NMR s u p p o r t  f o r  p i - b o n d in g  be tw een  th e  VO and w a te r  m o le c u le s .
The o b se rv e d  s h i f t  c a n n o t  be i n t e r p r e t e d  a s  a r i s i n g  from  th e  tu m b lin g  
2+o f  t h e  VO io n s  i n  s o l u t i o n  b e c a u se  a d i p o l a r  s h i f t  o f  t h i s  ty p e  
w ould  r e s u l t  i n  an  u p f i e l d  s h i f t ,  w h e reas  t h e  o b s e rv e d  s h i f t  i s  
a c t u a l l y  d o w n f i e ld . T h e r e f o r e ,  a s  i n  t h e  ca se  d e m o n s t r a te d  by 
W ayland and R ic e ,  th e  s h i f t  i s  most l i k e l y  due t o  b o n d in g  be tw een
t h e  b^  MO o f  V0^+ and th e  b^ and b^ MO's o f  1 ^ 0 .
A 5The com pling  c o n s t a n t  (—) was d e te rm in e d  t o  be 3 .0  x 10 c p s ,
w h e re a s  t h e  c o u p l in g  c o n s t a n t s  f o r  th e  o t h e r  t r a n s i t i o n  m e ta l  io n s
w ere  a b o u t  14 x  10** c p s .  The s m a l l e r  o b se rv ed  c o u p l in g  c o n s t a n t  
2+f o r  VO c a n n o t  be due t o  a  t r a n s f e r  (w hich  i s  n o rm a l ly  much s m a l l e r
Ath a n  p i  t r a n s f e r ) ,  s i n c e  a  t r a n s f e r  would r e s u l t  i n  an  (—) v a l u e  o f  
a b o u t  1 .5  x 10^ c p s .  (See T a b le  IX r e s u l t s  f o r  Co^+ and N i^+) .
2+F u r th e r m o re ,  t h e  u n p a i re d  e l e c t r o n  i s  unam b ig u o u s ly  p la c e d  i n  V0
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i n  a p r i m a r i l y  d o r b i t a l  anyway, w h ich  i s  n o t  s u i t a b l e  f o r  sigma xy
b o n d in g .
17O th e r  r e c e n t  0 NMR w ork s u p p o r t s  t h e  c o n c l u s i o n  of
p i - b o n d in g  p r e s e n te d  h e r e .  W u th r ic h  and C o n n i c k ^ ^  exam ined th e
17 2+ A 170 NMR sp e c tru m  o f  VO i n  w a te r  and found t h a t  th e  (—) f o r  0
w a t e r  oxygens was 3 . 8  x 10^ c p s .  T h is  c o u p l in g  c o n s t a n t  i s  an
o r d e r  o f  m ag n itu d e  l a r g e r  th a n  t h a t  found i n  t h i s  s tu d y  f o r  t h e
p r o t o n - e l e c t r o n  c o u p l in g ,  and t h i s  i s  u n d e r s t a n d a b l e ,  s in c e  th e
17 2+0 i s  bonded d i r e c t l y  t o  t h e  VO , w h i le  th e  p r o to n s  a r e  two bonds
away and t h e  a t t e n u a t i o n  o f  th e  c o u p l in g  due to  d i s t a n c e  would
a c c o u n t  f o r  th e  s m a l l e r  c o u p l in g .  From e a r l i e r  ^ 0  NMR d a t a ,
C o n n i c k ^ ^  e t  a l .  found t h a t  th e  (^ )  v a l u e s  f o r  th e  io n s  Mn^+ ,
2»j- 2+ 2+
Fe , Co and Ni i n  aqueous  s o l u t i o n  w ere  much l a r g e r  th a n  th e  
A 2+^ found  f o r  th e  VO io n .  T h is  i s  c o n s i s t e n t  w i t h  t h e  com parison
A Ao f  th e  (^ )  p r o to n  c o u p l in g  found i n  t h i s  s tu d y  t o  t h e  ^  p r o to n
(55)c o u p l in g s  found by  W ayland and R ice  .
/ C£\
H a u sse r  and L au k ien  m easured  t h e  r e l a x a t i o n  t im e s  
2+T^ and T^ o f  VO i n  aqueous  s o l u t i o n  by p r o to n  NMR. No c o u p l in g
c o n s t a n t  was g iv e n ;  how ever,  i f  t h e i r  d a t a  f o r  T^ and T^ a r e  u sed
A A 6t o  c a l c u l a t e  a v a l u e  f o r  ( ^ ) , one o b t a i n s  (^ )  = 1 ,6 5  x  10 , T h i s
v a l u e  i s  somewhat l a r g e r  (by  a f a c t o r  o f  f i v e )  t h a n  t h e  v a lu e  found
h e r e ,  b u t  th e  l a r g e r  v a l u e  was d e te rm in e d  by a ssu m in g  a "good v a l u e "
f o r  th e  Tg ( e l e c t r o n  r e l a x a t i o n  t i m e ) .  I n  a d d i t i o n ,  exchange
A
C c o r r e l a t i o n )  t im e s  m ust be d e te rm in e d  b e f o r e  (—) can be d e te rm in e d
from  r e l a x a t i o n  t i m e s .  The method used  h e r e ,  t h a t  o f  ch em ica l
s h i f t s  d e v e lo p e d  by W ayland and R ic e ,  i s  a more d i r e c t  a p p ro a c h
w h ich  does  n o t  r e q u i r e  an y  a s s u m p t io n s .  There  i s ,  how ever,  no
d is a g re e m e n t  on i n f e r e n c e s  o f  H au sse r  and L au k ien  and th e  c o n c lu s io n s
o f  t h i s  w ork t h a t  p i - b o n d in g  e x i s t s  be tw een  th e  w a te r  m o le c u le s  and 
2+t h e  VO i o n .
A
T h ere  s t i l l  r e m a in s  t h e  q u e s t i o n  o f  why th e  (^ )  c o n s t a n t s
f o r  th e  V0 ^+ (fo u n d  i n  t h i s  w ork  and b y  C o n n i c k ^ ^  £ t  a l . ) a r e
A
s m a l l e r  th a n  t h e  (—) found  f o r  o t h e r  i o n s .  From th e  p r e v io u s
d i s c u s s i o n ,  one cou ld  make a c a s e  f o r  t h e  " p la y  o f f "  o f  t h e  b^
o r b i t a l  e f f e c t  a g a i n s t  th e  b^ o r b i t a l  e f f e c t .  S in c e  e a c h  o f  t h e s e
o r b i t a l s  h a s  t h e  e f f e c t  o f  s h i f t i n g  th e  p r o to n  p eak  in  o p p o s i t e
d i r e c t i o n s ,  t h e  b^ o r b i t a l  c o u ld  be assumed t o  have  l e s s  bond ing
2+t h a n  th e  b^ o r b i t a l  i n  t h e  VO com plex , w h i le  i n  aqueous  com plexes
2+ 2-}- 3+
o f  Co , Fe , Mn and Fe , j u s t  th e  o p p o s i t e  i s  t r u e .  More
24-
l i k e  l y ,  how ever,  i s  t h e  f a c t  t h a t  th e  VO com plex has  a s q u a re  
py ram ide  c o n f i g u r a t i o n ,  w h e re a s  th e  o t h e r  io n s  i n  aqueous  s o l u t i o n  
p o s s e s s  th e  o c t a h e d r a l  c o n f i g u r a t i o n .  The o c t a h e d r a l  c o n f i g u r a t i o n  
p e r m i t s  b^ith t h e  b^ and b^ w a te r  MO's t o  bond t o  t h e  m e ta l  io n s  a t
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t h e  same t im e ,  s i n c e  th e  m e ta l  io n s  p o s s e s s  t „  o r b i t a l s .  I n  th e  » 2g
2+ 2+VO com plex , how ever,  a w a te r  m o le c u le  can  bond t o  t h e  VO d* » xy
o r b i t a l ,  e i t h e r  w i t h  th e  b^ o r  t h e  b ^ ,  b u t  n o t  w i th  b o th  a t  t h e  same
t i m e ,  s i n c e  t h e s e  two o r b i t a l s  a r e  o r th o g o n a l  on th e  w a te r  m o le c u le .
A t h i r d  c o n s i d e r a t i o n ,  w h ich  ca n n o t  be o v e r lo o k e d ,  i s  t h e  e f f e c t
2+t h a t  s t r u c t u r e  h as  on th e  b o n d in g .  I t  i s  known t h a t  VO com plexes
(13^ 2tfo rm  a s q u a re  pyram id  w i t h  th e  VO  ̂ s p e c i e s  s i t t i n g  above a
r e c t a n g u l a r  b a se  formed by th e  f o u r  e q u a t o r i a l  b o n d in g  atom s
( F ig u r e  8 ) .  As a r e s u l t ,  t h e  l ig a n d  bond ing  o r b i t a l s  (b^ o r  b^)
2+a r e  p u l l e d  down and away from  th e  VO io n .  The o v e r l a p  p o s s i b l e
2+b e tw een  bo n d in g  p i  o r b i t a l s  o f  th e  VO io n  and th e  b^ o r  b^ w a te r
MO's i s  n o t  a s  g r e a t  a s  t h e  o v e r l a p  p o s s i b l e  i n  t h e  o t h e r  m e ta l  io n s
o f  o c t a h e d r a l  symmetry. P ro b a b ly  a l l  o f  t h e s e  e f f e c t s  c o n t r i b u t e
At o  p r o d u c in g  th e  s m a l l  (—) v a l u e  o b s e rv e d  f o r  V 0S0*4H _0.
t l  4 1 ^
I n  an  e f f o r t  t o  add new e v id e n c e  f o r  p i - b o n d in g  t o  t h a t
c i t e d  a b o v e ,  t h e  p r o to n  NMR s p e c tru m  o f  VOSO *2CH_0H i n  m e th an o l
was o b t a i n e d .  I t  was assumed i n  t h i s  ca se  t h a t  t h e  MO's o f  th e  m e thano l
2+oxygen  a tom  would bond to  VO i n  a way s i m i l a r  to  t h a t  o f  th e  
w a t e r  oxygen a tom . Thus, o b s e r v in g  t h e  m ethanol-O H  p e a k ,  one sh o u ld  
e x p e c t  i t  t o  behave  s i m i l a r l y  t o  th e  w a te r  p r o to n  in  aqueous  VOSO^. 
I n d e e d ,  t h e  w a te r  p r o to n  and th e  m ethanol-O H  p r o to n  do have s i m i l a r
91
F ig u r e  8 
The S t r u c t u r e  o f  VOCH^O)^*.

92
c o u p l in g  c o n s t a n t s  ( s e e  T ab le  V I I I ) ,  and th u s  i t  a p p e a r s  t h a t
2+p i - b o n d i n g  from  m e th an o l  t o  VO i s  a l s o  o c c u r r i n g .
I n  an  e f f o r t  t o  f u r t h e r  i n v e s t i g a t e  th e  p i - b o n d i n g  in
2+o t h e r  ty p e s  o f  VO com plexes ,  th e  NMR sp e c tru m  o f  VOCaca)^ was
o b ta in e d  i n  CDCjS  ̂ a s  a s o lv e n t  w i t h  TMS a s  an  i n t e r n a l  s ta n d a r d
( F ig u r e  9 a ) .  An e a r l i e r  a t t e m p t  t o  o b t a i n  such  a s p e c tru m  by 
( 2 8 )E a to n  f a i l e d .  B ecause o f  th e  j u d i c i o u s  s e l e c t i o n  of sweep r a t e ,
g a i n  and f i l t e r  s e t t i n g s  made on th e  HA60 NMR s p e c t r o m e te r  by
Mr. W i l l i a m  Wegner o f  th e  L o u i s i a n a  S t a t e  U n i v e r s i t y  D epartm en t
o f  C h e m is t ry ,  i t  was p o s s i b l e  t o  o b t a i n  a s p e c tru m  o f  t h e  m ethy l
p eak  o f  V0 ( a c a ) 2 * The peak  was e x t re m e ly  b road  and  th e  c e n t e r  o f
th e  peak  c o u ld  be d e te rm in e d  t o  a b o u t  ±3 c p s .  The m e thy l peak  was
fo u n d  t o  be s h i f t e d  15 cps d o w n f ie ld  from  th e  d ia m a g n e t ic  m e thy l
p e a k  o f  Z n ^ c a ) ^  (F ig u re  9b) i n d i c a t i n g  t h a t  A i s  p o s i t i v e .
No peak  f o r  th e  C-H r i n g  p r o to n  o f  th e  VO(aca) was fo u n d , how ever.
T a b le  IV g i v e s  th e  c o n t a c t  s h i f t s  f o r  t h e  a c e t y l a c e t o n a t e s
o f  T i ( I I I ) , V ( I I I ) ,  C r ( I I I ) , M n ( I I I )  and F e ( I I I )  m easured  by  
( 28^
E a to n  , and th e  mechanism by  w hich  t h e s e  c o n t a c t  s h i f t s  o c c u r re d  
w ere  w e l l  d e s c r ib e d  e a r l i e r  i n  C h a p te r  I I .  To r e i t e r a t e  th e  c o n c lu s io n s  
r e a c h e d  by E a to n ,  th e  c o n t a c t  s h i f t s  shown i n  T a b le  X a r e  th e  r e s u l t  
o f  m e t a l - t o - l i g a n d  ch a rg e  t r a n s f e r  o f  u n p a i re d  s p i n  d e n s i t y  (of s p in )
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a .  The p r o to n  NMR s p e c t ru m  o f  V O C aca^  w i t h  TMS a s  an 
i n t e r n a l  s t a n d a r d .
b .  The p r o to n  NMR s p e c t ru m  o f  ZnC aca)^  w i t h  TMS as  an 
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from  th e  m e ta l  o r b i t a l s  t o  t h e  lo w e s t  a n t ib o n d in g  ( u n f i l l e d )  
o r b i t a l s  o f  th e  a c e t y l a c e t o n a t e  l i g a n d .  I f  one exam ines  t h e  r e s u l t s  
o f  m o le c u la r  o r b i t a l  c a l c u l a t i o n s  g iv e n  i n  T ab le  XI (M cL ac h lan ) , 
one can se e  t h a t  s p i n  d e n s i t y  t r a n s f e r r e d  i n t o  th e  lo w e s t  a n t ib q n d in g  
l ig a n d  o r b i t a l s  w i l l  have a much g r e a t e r  e f f e c t  on t h e  m e th y l  peak  
th a n  on t h e  r i n g  C-H p e a k .  In  a d d i t i o n ,  t h e  t r a n s f e r  o f  o' s p i n  
d e n s i t y  w i l l  c a u s e  b o th  t h e  C-H and th e  m e th y l  p eak s  t o  be s h i f t e d  
d o w n f ie ld .
The V0 ( a c a ) 2  e n e r g i e s  sh o u ld  n o t  be to o  d i f f e r e n t  from  th e  
o t h e r  m e ta l  a c e t y l a c e t o n a t e s  o f  th e  f i r s t  row t r a n s i t i o n  s e r i e s ,  
and a h u r r i e d  c o n c l u s i o n  would le a d  one t o  b e l i e v e  t h a t  t h e  c o n t a c t  
s h i f t s  o f  VOCaca)^ sh o u ld  be o f  t h e  same o r d e r  o f  m a g n itu d e  a s  th o s e  
o f  th e  o t h e r  m e ta l  a c e t y l a c e t o n a t e s .  E x p e r im e n ta l  e v id e n c e  h a s  
shown o th e r w i s e .  The C-H r i n g  peak  cou ld  n o t  be found  and th e  m e thy l 
p eak  was s h i f t e d  o n ly  15 c p s .  I t  i s  p r o b a b l e ,  t h e n ,  t h a t  th e  c h em ica l  
s h i f t  o f  VOCaca)^ does  n o t  f o l lo w  th e  m echanism  w h ic h  was r e s p o n s i b l e  
f o r  th e  smooth i n c r e a s e  i n  c h e m ic a l  s h i f t s  o b s e rv e d  f o r  th e  m e thy l 
peaks  o f  T i ( I I I )  th r o u g h  F e ( I I I ) .
E a r l i e r i t  was e s t a b l i s h e d  t h a t  th e  d^ e l e c t r o n  in
VO(aca) i s  a lm o s t  c o m p le te ly  l o c a l i z e d  i n  th e  b_( d  ) o r b i t a l .
2  2  xy
S in ce  VOCaca)^ can  be c o n s id e r e d  t o  be i n  t h e  C^ p o i n t  g ro u p ,  th e
a c e t y l a c e t o n a t e  io n  l i g a n d  must s u p p ly  o r b i t a l s  w h ich  w i l l  p r o p e r ly
o v e r la p  w i t h  t h e  o r b i t a l  i n  o r d e r  t o  have an  e l e c t r o n  t r a n s f e r
mechanism s i m i l a r  t o  th e  o t h e r  m e ta l  a c e t y l a c e t o n a t e s .  No such
m o le c u la r  o r b i t a l  e x i s t s  on th e  a c e t y l a c e t o n a t e  l i g a n d .  Thus, f o r
symmetry r e a s o n s ,  i t  i s  im p ro b ab le  t h a t  th e  s h i f t  o f  t h e  m e thy l
p ro to n s  on VOCaca)^ o r i g i n a t e s  from  th e  same mechanism a s  t h e  o th e r
m e ta l  a c e t y l a c e t o n a t e s .  One must now t u r n  t o  a more e x o t i c
e x p l a n a t i o n  o f  th e  ob se rv ed  s h i f t .  In  K iv e ls o n  and L e e ' s ^ " ^  work
on a v a n a d y l  p r o p h y r in ,  th e y  o b se rv ed  a s m a l l  h y p e r f in e  s p l i t t i n g  o f
th e  ESR s i g n a l  due t o  th e  p o r p h y r in  n i t r o g e n s .  They f i r s t  s u g g e s te d
th e  p o s s i b i l i t y  o f  th e  m ix ing  o f  th e  b^ ground  s t a t e  w i th  a h ig h e r
s t a t e  whose symmetry cou ld  a c c o u n t  f o r  th e  d e l o c a l i z a t i o n  o f  th e
d^ e l e c t r o n  o n to  th e  p o rp h y r in  n i t r o g e n .  They d i s c o u n te d  t h i s
r e a s o n in g  i n  f a v o r  o f  a p o l a r i z a t i o n  mechanism . They re a s o n e d  t h a t
t h e  u n p a i r e d  e l e c t r o n  i n  th e  b^ o r b i t a l ,  when in  a m a g n e t ic  f i e l d ,
1
h a s  a  s p i n .  The d e l e c t r o n  i n t e r a c t e d  w i t h  th e  p a i r e d  e l e c t r o n s  
i n  th e  h i g h e s t  f i l l e d  p o r p h y r in  p i  o r b i t a l  ( l o c a t e d  p r i m a r i l y  on 
t h e  n i t r o g e n )  r e s u l t i n g  i n  a p o l a r i z i n g  o f  th e  e l e c t r o n  w i th  |3 
s p i n .  The n i t r o g e n  th e n  e x p e r i e n c e s  a s u r p l u s  o f  a  s p in  d e n s i t y  
and th ro u g h  p o l a r i z a t i o n  i n t e r a c t i o n ,  th e  h y p e r f i n e  s p l i t t i n g  on 
th e  ESR sp e c tru m  cou ld  be e x p l a i n e d .  I f  one a p p l i e s  t h i s  same
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r e a s o n in g  to  th e  V O C aca^ m o le c u le ,  t h i s  shou ld  r e s u l t  i n  th e
i n t r o d u c t i o n  o f  a  s p i n  o n to  th e  a c e t y l a c e t o n a t e  oxygen . Thus, th e
p o l a r i z a t i o n  mechanism , a s  w e l l  a s  th e  spin, d e n s i t y  t r a n s f e r
mechanism , th ro u g h  o r b i t a l  o v e r la p  d e s c r ib e d  by e a t o n ,  p l a c e s  a
s p in  on th e  l i g a n d  oxygen, b u t  th e  e f f e c t  t h a t  th e  two mechanism
have on th e  ch em ica l  s h i f t s  o f  t h e  m e thy l p r o to n s  and C-H a re
d i f f e r e n t .  The s p in  d e n s i t y  t r a n s f e r  th ro u g h  o r b i t a l  r e s u l t s  i n
t h e  i n t e r a c t i o n  be tw een  th e  t  o r b i t a l s  o f  t h e  m e ta l  and th e  empty
a n t ib o n d in g  p i  o r b i t a l .  I f  one c o n s id e r s  th e  s p in  d e n s i t i e s  g iv e n
i n  T ab le  XI and th e  e f f e c t  t h a t  u n p a i re d  s p in  d e n s i t y  would have
on th e  m e thy l p r o to n s  and C-H ch em ica l  s h i f t ,  one can see  t h a t  th e
s p in  d e n s i t y  on t h e  ca rb o n  a t t a c h e d  to  th e  m e thy l (+0 .4979)  would
be much l a r g e r  th a n  t h e  s p in  d e n s i t y  o f  t h e  C-H ( - 0 .1 6 5 8 )  by t h i s
mechanism. The p o l a r i z a t i o n  m echanism, how ever ,  r e q u i r e d  t h a t  th e
lo n e  e l e c t r o n  i n  t h e  d o r b i t a l  i n t e r a c t  w i t h  one e l e c t r o n  of th exy
p a i r e d  e l e c t r o n s  i n  t h e  to p  bond ing  l i g a n d  m o le c u la r  o r b i t a l .  Tab le  
XI shows t h a t  any s p i n  d e n s i t y  t r a n s f e r r e d  to  t h i s  o r b i t a l  would have 
th e  g r e a t e s t  e f f e c t  on th e  C-H ca rb o n  ( s p i n  d e n s i t y  = 0 .7 2 9 1 ) ,  
w h e reas  t h e  e f f e c t  on th e  c a rb o n  a t t a c h e d  t o  th e  m e th y l group  would 
be r a t h e r  sm a l l  (+ 0 .0 6 4 0 ) .  T h is  e x p l a n a t i o n  would a c c o u n t  f o r  th e  
o b s e r v a t i o n s  o f  th e  V0 ( a c a ) 2  NMR sp e c tru m . F i r s t  th e  m e thy l p eak  i s
o n ly  s h i f t e d  15 cps  d o w n f ie ld  from  i t s  d i a m a g n e t ic  p o s i t i o n  w h i le
th e  m e th y l  p e a k s  o f  t h e  o t h e r  m e ta l  a c e t y l a c e t o n a t e s  a r e  s h i f t e d
fro m  1110 cps  t o  3367 cp s  b e c a u se  s p in  d e n s i t y  t r a n s f e r  i n  V O Caca^
i s  i n  th e  to p  bond ing  m o le c u la r  o r b i t a l  w h ich  h a s  l i t t l e  e f f e c t
on m e th y l g ro u p  s p in  d e n s i t i e s ,  w h i le  t h e  s p in  d e n s i t y  t r a n s f e r
i n  t h e  o t h e r  m e ta l  a c e t y l a c e t o n a t e s  i n v o l v e s  t h e  lo w e s t  a n t ib o n d in g
o r b i t a l  w h ich  c a u s e s  l a r g e  s p i n  d e n s i t i e s  t o  be p la c e d  on th e  m ethy l
g ro u p .  A second  r e a s o n  f o r  such  a s m a l l  m e th y l p r o to n  ch em ica l
s h i f t  i s  t h e  f a c t  t h a t  a  p o l a r i z a t i o n  i n t e r a c t i o n  o f  t h i s  ty p e  i s
r a t h e r  w e a k ^ " ^ .  S in c e  th e  p o l a r i z a t i o n  i n t e r a c t i o n  p e r m i t s  l i t t l e
1e l e c t r o n * - s p in  n u c l e a r  s p i n  c o u p l in g  be tw een  th e  d and th e  m e thy l
1
p r o t o n s ,  t h i s  would  e x p l a i n  why th e  s low  r e l a x i n g  d e l e c t r o n  
b ro a d e n s  th e  m e th y l  p r o to n  p e a k s  b u t  d o es  n o t  c o m p le te ly  w ash them 
o u t .
The C-H p r o t o n ,  how ever ,  i s  much more a f f e c t e d  by t h e
p o l a r i z a t i o n  m echanism  g iv e n  above ( s e e  T ab le  X I ) ,  and t h i s  would
a c c o u n t  f o r  a much l a r g e r  e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g  be tw een  
1
t h e  d e l e c t r o n  and th e  C-H p r o t o n .  W ith  t h i s  l a r g e r  c o u p l in g ,  i t  
i s  n o t  u n r e a s o n a b le  t o  assume t h a t  t h e  C-H peak  was b ro ad en e d  to  
t h e  p o i n t  t h a t  i t  c o u ld  be l o c a t e d .  S in c e  th e  p o l a r i z a t i o n  mechanism 
p r e d i c t s  or s p i n  on th e  CH g roup  c a rb o n ,  e q u a t i o n  5 (A = Q pc ; Q i s
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n e g a t i v e  f o r  CH g ro u p )  would p r e d i c t  t h e  CH peak  t o  l i e  u p f i e l d  
f ro m  i t s  d ia m a g n e t ic  p o s i t i o n .  T hus , i t  seems th e  p o l a r i z a t i o n  i s  
a b l e  t o  e x p l a i n ,  n o t  o n ly  th e  m a g n i tu d e ,  b u t  a l s o  th e  c o r r e c t  
d i r e c t i o n  o f  th e  o b s e rv e d  c h e m ic a l  s h i f t .
I n  g e n e r a l ,  t h e  s p i n  o r b i t  c o u p l in g  a c c o u n t s  f o r  t h e  
a n i s o t r o p y  o f  th e  g f a c t o r  i n  m e ta l  i o n s .  T h is  a n i s o t r o p y  o f  th e  
g f a c t o r  makes p o s s i b l e  th e  p s e u d o c o n ta c t  s h i f t  w h ich  was g iv e n  
e a r l i e r  by  e q u a t i o n  5 .
Avi  02 S(S+1) ,.3 c o s 2 Q - 1 ^ „  2 , 2 .
—  45kT ^ -------  I- g |  | + S | | S J. - 4S1 ]
I n  h i s  w ork  on a c e t y l a c e t o n a t e s ,  E a to n ^ 2^  ig n o re d  th e  e f f e c t  of 
p s e u d o c o n ta c t  s h i f t s  b e c a u se  o f  th e  l a r g e  s h i f t s  o b se rv e d  and 
b e c a u se  t h e  f i r s t  row t r a n s i t i o n  m e ta l  io n s  a r e  known t o  p o s s e s s  
s m a l l  a n i s o t r o p i e s  w h ich  a c c o u n t  f o r  o n ly  s m a l l  p s e u d o c o n ta c t  s h i f t s .  
S in c e  th e  ch em ica l  s h i f t s  f o r  th e  m e th y l  p r o to n s  o f  VQCaca)^ w ere 
o b s e rv e d  t o  be s m a l l ,  p s e u d o c o n ta c t  s h i f t s  c a n n o t  be d i s c o u n t e d .  
E q u a t io n  6 above was used  t o  c a l c u l a t e  t h e  c h e m ic a l  s h i f t  o f  th e  
m e th y l  p r o t o n s  u s in g  th e  f o l l o w i n g :
r  = 6& ( t h i s  i s  a c o n s e r v a t i v e  e s t i m a t e ;  r  i s  
p r o b a b ly  n e a r  7& ).
S i |  = 1 .9 4 8  
■• r e f . 6
g = 1 .981
JL
0 = 102° r e f . 6
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The c h e m ic a l  s h i f t  was found t o  be a p p r o x im a te ly  0 ,6  cps  d o w n f ie ld .
T h i s  v a l u e  i s  p r o b a b ly  s m a l l e r  th a n  0 . 6  cp s  b e c a u se  o f  t h e  c o n s e r v a t i v e  
d i s t a n c e  assumed f o r  r .  I n  a n y  c a s e ,  t h e  p s e u d o c o n ta c t  s h i f t  
c a n n o t  a c c o u n t  f o r  t h e  o b s e rv e d  ch em ica l  s h i f t s  o f  th e  m e th y l
( 28>
p r o t o n s ,  w h ich  i s  i n  ag ree m en t  w i th  t h e  a s s u m p t io n s  made by  E a to n
One must c o n c lu d e  t h a t  th e  s p i n  p o l a r i z a t i o n  m echanism  i s  th e  m ost
p r o b a b le  m echanism  a c c o u n t in g  f o r  th e  c o n t a c t  s h i f t .
The NMR sp e c tru m  o f  VOSO^»2(o-phen) was a l s o  o b t a in e d  i n
o r d e r  t o  i n v e s t i g a t e  th e  p o s s i b i l i t y  o f  p i - b o n d in g  b e tw een  th e
2
b ^  m e ta l  o r b i t a l  and th e  sp n i t r o g e n  l i g a n d  a tom . F ig u r e  10 i s  
t h e  NMR sp e c tru m  o f  t h e  f r e e  l i g a n d  i n  CH^N0 2 , and i t  shows th e  f o u r  
c h e m ic a l ly  d i f f e r e n t  p e a k s ,  and H^. The p eak s  a r e  w e l l
r e s o l v e d ,  e s p e c i a l l y  H^, w h ich  i s  c l o s e s t  t o  th e  l i g a n d  a tom  n i t r o g e n .  
S in c e  n i t r o g e n  h as  a  q u a d ru p o le  moment, i t  c h a r a c t e r i s t i c a l l y  
b ro a d e n s  p r o to n s  p e a k s  o f  p r o t o n s  a t t a c h e d  t o  i t ,  b u t  t h e  p r o to n  
i s  a p p a r e n t l y  to o  f a r  removed (tw o bonds  away) t o  have an y  b r o a d e n in g  
e f f e c t .  I f ,  how ever,  one o b s e r v e s  t h e  NMR s p e c tru m  o f  V OSO ^*2(o-phen), 
i n  CH^NO^, from  F ig u r e  10 one can see  t h a t  h a s  d i s a p p e a r e d  from  i t s  
p o s i t i o n  i n  th e  f r e e  ( d ia m a g n e t ic )  l i g a n d ,  and t h a t  H^, and
a r e  b ro a d e n e d  and i l l - d e f i n e d .  One im p o r t a n t  o b s e r v a t i o n  i s  t h a t
2+and o f  t h e  VO com plex a r e  s h i f t e d  o n ly  s l i g h t l y  d o w n f ie ld
F ig u re  10
A. The NMR sp e c tru m  o f  o -p h en  l i g a n d .
B. The NMR s p e c tru m  o f  VOSO^«2(o-phen)*
TMS ( n o t  shown i s  used  a s  a n  i n t e r n a l  s t a n d a r d .

f rom  t h e i r  p o s i t i o n s  i n  t h e  f r e e  l i g a n d .  The l a t g e  peak  l e f t  o f
t h e  c e n t e r  o f  and was s h i f t e d  10  cps  w h i le  th e  p eak  was
s h i f t e d  13 c p s .  A g a in ,  em p loy ing  th e  p o l a r i z a t i o n  mechanism  w hich
was u sed  t o  e x p l a i n  t h e  o b se rv e d  s h i f t s  i n  V O C aca^  i n  t h e  p r e v io u s
d i s c u s s i o n ,  and a l s o  used  by K iv e l s o n  and L e e ^ ^  t o  e x p l a i n  th e
h y p e r f i n e  s p l i t t i n g  o f  a v a n a d y l  p o r p h y r in ,  one can  e x p l a i n  th e  ch em ica l
s h i f t s  o b s e rv e d  f o r  th e  NMR sp e c tru m  o f  V0S0^»2 ( o - p h e n ) . The
d is a p p e a r a n c e  o f  t h e  p e a k ,  w h ich  i s  t h a t  o f  t h e  l i g a n d  p r o to n  
2+c l o s e s t  t o  t h e  VO io n ,  can  r e s u l t  from  a c o m b in a t io n  o f  two e f f e c t s .
2+I t  i s  much c l o s e r  t o  th e  VO io n  th a n  th e  o t h e r  p r o to n s  i n  th e  
m o le c u le ,  and i s  more s u s c e p t i b l e  to  b o t h  p o l a r i z a t i o n  e f f e c t s  and to  
p s e u d o c o n ta c t  e f f e c t s  t h a n  a r e  t h e  o t h e r  p r o to n s  o f  t h e  l i g a n d .
CONCLUSIONS
The VOSO^^I^O and VOSO^»20^011 b o th  p o s s e s s  some d e g re e
2+o f  p i - b o n d i n g  be tw een  t h e  b^ o r b i t a l  on th e  VO io n  and th e  b^
and o r b i t a l s  o f  th e  l i g a n d .  These c o n c lu s io n s  a r e  c o n t r a r y  t o
one o f  th e  a s s u m p t io n s  o f  th e  BG e n e rg y  schem e. No q u a n t i t a t i v e
d e t e r m i n a t i o n  o f  t h e  amount of b o n d in g  cou ld  be p r e d i c t e d  b e c a u se
th e  c o n t a c t  s h i f t ,  from  w h ich  such  a d e t e r m i n a t i o n  co u ld  be made,
r e s u l t s  from  two com peting  mechanism s r a t h e r  th a n  from j u s t  one
m echanism . A co m p ar iso n  o f  th e  e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g  
A
c o n s t a n t  (^ )  i n d i c a t e s  t h a t  t h e r e  i s  p ro b a b ly  l e s s  p i - b o n d in g  be tw een  
2+th e  VO io n  and i t s  a t t a c h e d  w a te r  m o le c u le s  th a n  be tw een  t h e  m e ta l
2+ 2+ 2+ 3+io n s  Co , Fe , Mn and Fe and th e  w a te r  l i g a n d s  a t t a c h e d  to
them.
C o n s i s t e n t  w i t h  t h e  ESR s t u d i e s  o f  K iv e l s o n  and L e e ^ " ^ ,  
on VOCaca)^ and v a n a d y l  p o r p h y r in ,  th e  NMR s t u d i e s  o f  V O C aca^  and 
V 0S0,»2 (o -p h e n )  show v e r y  l i t t l e  i n - p l a n e  rp b o n d in g  b e tw een  th e  d 
m e ta l  o r b i t a l  (w h ich  p o s s e s s e s  t h e  d̂ " e l e c t r o n )  and th e  i n - p l a n e  
l i g a n d s .
These c o n c lu s io n s  s u g g e s t  t h a t  m o n o d e n ta te  l i g a n d s  such  
a s  1^0  and CH^OH p i  bond to  th e  b 2 m e ta l  o r b i t a l  b e c a u s e  t h e y  a r e
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a b l e  t o  r o t a t e  in  su ch  a  manner t h a t  symmetry r e q u i r e m e n t s  f o r  
o v e r l a p  a r e  m e t .  The b i d e n t a t e  l i g a n d s ,  such  a s  t h e  a c e t y l a c e t o n a t e  
i o n ,  t h e  p o r p h y r in  io n  o r  t h e  o -p h e n  m o le c u le  bond i n  such  a way 
t h a t  symmetry r e q u i r e m e n t s  f o r  p i - b o n d in g  b e tw ee n  th e  b^  o r b i t a l  
and th e  l i g a n d  o r b i t a l s  c a n n o t  be m e t .
TABLE V II
MOLECULAR ORBITAL CALCULATIONS FOR H„0*48^
MO 2 s 2pX 2py 2pz
3s I s  (hyd rogen )
l 3 l 0 .8 0 4 (0 .7 8 6 )
---- — - 0 . 0 2 0 ( 0 . 0 ) - 0 . 0 1 2 ( 0 . 0 ) 0 .1 6 7 (0 .1 0 8 )
lb 2
----- ----- - 0 .6 4 6 ( 0 .5 8 2 ) ----- - 0 .4 5 0 ( 0 .2 0 9 )
^ 1
-0 .4 3 3 ( 0 .0 5 4 ) ----- ----- 0 .7 9 3 (0 .7 3 2 ) 0 .0 1 9 ( 0 .0 ) 0 .2 9 6 (0 .1 0 6 )
lb l
----- 1 . 0 ( 1 . 0 ) ----- ----- ----- -----
3a ̂ 0 .6 2 7 (0 .0 7 4 ) ----- 0 .5 1 7 (0 .1 5 6 ) - 0 .6 4 9 ( 0 .4 8 2 ) - 0 .4 8 9 ( 0 .1 4 4 )
4al -0 .7 2 3 (0 .0 8 5 )
----- ----- -0 .4 8 7 ( 0 .1 1 2 ) - 0 .7 7 6 ( 0 .5 1 7 ) 0 .5 8 2 (0 .1 4 2 )
2b2
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T o t a l  m oles  o f  
H2o ( a > o r  CH3 OH(b)
0 .2 7 5
.2 7 4
.277
8 .2 8  x  10 - 5 0 .0822
A verage = 513
1000 ( e )
A  (d)
V tt
3 .0  x  10"
3 .4 ^ x  10"
a .  T hese  d a t a  a r e  f o r  r u n s  1, 2 and 3 .
b .  T hese  d a t a  a r e  f o r  r u n  4 .
c .  R esonance f r e q u e n c y  = 60 Me f o r  aq u eo u s  s o l u t i o n s  and 100 Me f o r  
m e th a n o l i c  s o l u t i o n .
d .  See th e  n o t e  u n d e r  T a b le  IX.
e .  1000 ±  25 c p s .
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TABLE IX
NMR COMTACT SHIFT DATA OF PARAMAGNETIC IONS IN AQUEOUS
SOLUTION^ 55^ a )
Io n
g
t o t a l (£) x  10" 5
% ■
,A. . 5 
< h ^ x  10
p 2+Cu 1 / 2 1 .5 0 -----
N i2+ 1 1 . 1 0 -----
Co2+ 3 /2 4 .2 1 / 2 1 8 .3
„  2+ Fe 2 5 .0 1 1 4 .0
Mn2+ 5 /2 5 .9 3 /2 1 2 .7
F e 3+ 5 /2 7 .7 3 /2 1 6 .5
A( a )  (^ )  i s  t h e  c o u p l in g  c o n s t a n t  r e s u l t i n g  from  th e  t o t a l  s h i f t ;
Co r  th e  n - o n ly  c o n t r i b u t i o n )  was d e te rm in e d  by " s t r i p p i n g
2+o u t "  th e  a  c o n t r i b u t i o n ,  w h ic h  can be ta k e n  from  th e  Ni 
v a l u e  f o r  (^) v a l u e s  o f  Co2+, F e 2 ‘ , Mn2+ and F e 3+.
107
TABLE X
CONTACT SHIFT DATA FOR METAL ACETYLACETONATES AS GIVEN
BY EATON^28)
Avc h 3 Av/S+1 Av/S x (S + l)
b m 2p x  10 c 3 Fe x 10
T i -3367 2245 4489 + 2 8 .9 6 8 . 8
V -2611 1306 1306 + 1 6 .6 3 9 .5
Cr -2187 875 583 + 1 1 . 1 2 6 .4
Mn -1372 457 229 + 5 .7 1 3 .6
Fe - 1 1 1 0 317 127 + 4 .0 9 .5
( a )  I n  cps  r e l a t i v e  t o  th e  CH^ r e s o n a n c e  o f  c o b a l t ( I I I )  a c e t y l a c e t o n a t e .
(b )  C a l c u l a t e d  f o r  Afl = Q pc w i t h  Q = +27 g a u s s .
( c )  F = th e  f r a c t i o n  o f  u n p a i re d  e l e c t r o n  d e l o c a l i z e d .
108
TABLE XI
MOLECULAR ORBITAL CALCULATIONS FOR THE ACETYLACETONATE ION^55^
A c e t y l a c e t o n a t e
E nergy  to p  bo n d in g  
E nergy  b o t to m  a n t ib o n d in g
+0 .94173
-0 .6 1 0 3 3
S p in  D e n s i t i e s
Top bon d in g Bottom  a n t ib o n d in g
Hiicke 1 M cLachlan Hiicke 1 McLachlan
0 + 0 .0 8 9 0 + 0 .0710 + 0 .0799 + 0 .0852
c 1 ( c - c h 3) + 0 .1 2 6 0 + 0 .0640 + 0.4201 + 0 .4979
c 2 ( c - h ) + 0 .5 6 8 3 +0 .7291 +0 . 0 0 0 0 -0 .1 6 5 8
CHAPTER I I I
EVIDENCE FOR OXOVANADIUM(IV) COMPLEXES OF 
UNUSUAL COORDINATION
A'. INTRODUCTION
Not lo n g  ago th e  c h e m is t r y  w h ich  d e a l t  w i t h  m o le c u la r  
p o ly h e d ra  o f  h ig h  c o o r d i n a t i o n  num ber, s p e c i f i c a l l y  s e v e n - ,  e i g h t - ,  
n i n e - ,  t e n - ,  e l e v e n -  and t w e l v e - c o o r d i n a t e  com plexes ,  would have been
/ ^ i  A O \
d e s c r i b e d  a s  o b s c u re  and o f  l i m i t e d  s c o p e .  * However, w i t h  
r e c e n t  a d v a n c e s  i n  m ethods and in s t r u m e n t s  o f  s t r u c t u r a l  d e t e r m i n a t i o n ,  
th e  f i e l d  o f  h i g h e r  c o o r d i n a t i o n  p o ly h e d r a ,  even  o f  l i g h t  e l e m e n t s  
su ch  a s  scand ium  and t i t a n i u m ,  h a s  become more t h a n  j u s t  a n  o b s c u re  
c u r i o s i t y .  '  I t  has  s e v e r e l y  c h a l le n g e d  th o s e  c h e m is t s  who d e a l  
p r i n c i p a l l y  i n  t h e o r y  and i t  p r e s e n t s  th e  p o s s i b i l i t y  o f  c h a l l e n g i n g  
t h e  p r e s e n t  t h e o r i e s  o f  b o n d in g .
In  r e c e n t  y e a r s ,  w i t h  th e  a d v e n t  and i n c r e a s e d  u sag e  o f  
x - r a y  and o t h e r  i n s t r u m e n t s  c a p a b le  o f  s t r u c t u r a l  d e t e r m i n a t i o n ,  
much i n f o r m a t i o n  and d a t a  c o n c e rn in g  th e  s t r u c t u r e  o f  p o ly h e d ra  
h a s  been  s y s t e m a t i c a l l y  c o m p ile d .  Out o f  t h i s  s t e a d i l y  i n c r e a s i n g  
s t o r e  o f  i n f o r m a t i o n  h a s  come an  o r d e r ,  i n  w h ich  g ro u p s  and c l a s s e s  
and c e r t a i n  r e q u i r e m e n t s  f o r  p o ly h e d ra  can  be d e s c r i b e d .  F or  
i n s t a n c e ,  i t  h a s  b e e n  found  t h a t  c h e l a t e s  fo rm  more h ig h  c o o r d i n a t i o n  
com plexes  th a n  m o n o d e n ta te  l i g a n d s .  C h e l a t e s  p o s s e s s i n g  oxygen and 
n i t r o g e n  donor a tom s a r e  w e l l - s u i t e d  b e c a u se  o f  t h e  h i g h  e l e c t r o ­
n e g a t i v i t i e s  and s m a l l  s i z e s  o f  t h e s e  l i g a n d  a to m s .  I n  a d d i t i o n ,
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l i g a n d s  o f  p h o s p h o ru s ,  a r s e n i c  and  s u l f u r  dono r  a tom s a r e  found to  
fo rm  many p o ly h e d ra  o f  h ig h  c o o r d i n a t i o n ,  b u t  o n ly  w i t h  t r a n s i t i o n  
e l e m e n t s .  The l i g a n d  s i z e ,  o r  r a t h e r  t h e  d i s t a n c e  o r  " b i t e "  be tw een  
t h e  two d o n o r  atom s o f  a  l i g a n d ,  a f f e c t s  g r e a t l y  i t s  a b i l i t y  t o  fo rm  
h ig h  c o o r d i n a t i o n  co m p lex es .  Such l i g a n d s  a s  t h e  t r o p o l o n a t e  io n  
o r  t h e  o x a l a t e  io n  whose oxygen atom s a r e  o n ly  a b o u t  2 .5 8 8  a p a r t ,  
make v e r y  good h i g h - c o o r d i n a t i n g  l i g a n d s .  L ig a n d s  su ch  a s  
g - d i k e t o n e s  a r e  more f l e x i b l e  th a n  t r o p o l o n a t e  and o x a l t e  io n s  and 
can  more e a s i l y  a d j u s t  t o  t h e  r e q u i r e m e n t s  o f  t h e  m e ta l  io n  w i th  
t h e  r e s u l t  t h a t  h ig h  c o o r d i n a t i o n  i s  n o t  " f o r c e d "  on th e  i o n .  A 
m a t r i x  o f  r i g i d  b o n d in g  atom s su ch  a s  t h e  c y c l o p e n t a d i e n y l  io n  
a l s o  i s  a good exam ple o f  a l i g a n d  w h ic h  f o r c e s  h i g h  c o o r d i n a t i o n  
on a  m e ta l  i o n .
P r o b a b ly ,  th e  a r e a  i n  w h ich  t h e r e  i s  th e  g r e a t e s t  need 
f o r  r e v i s i n g  o u r  t h i n k i n g  c o n c e rn in g  b o n d in g  i s  i n  th e  r e q u i r e m e n t s  
w h ic h  t h e  m e ta l  io n  m ust p o s s e s s  i n  o r d e r  t o  fo rm  h ig h  c o o r d i n a t i o n  
p o l y h e d r a .  The m o le c u la r  o r b i t a l  t h e o r y  i s  in c a p a b le  o f  p r e d i c t i n g  
m ost c a s e s .  As an  exam ple ,  b o n d in g  i n  t h e  o c t a - c o o r d i n a t e d  cube o f  
a  t r a n s i t i o n  m e ta l  i o n  c a n n o t  be  d e s c r i b e d  u s in g  th e  v a l e n c e  bond 
th e o r y  s i n c e  th e  b e s t  i t  can  do i s  t o  s u p p ly  sev en  o r b i t a l s ,  u n l e s s  
one r e s o r t s  t o  f  o r b i t a l s  w h ich  i s  o f t e n  i n c o n s i s t e n t  w i t h  o b s e r v a t i o n s .
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At t h i s  p o i n t ,  i t  seems t h a t  th e  n o n -b o n d in g  r e p u l s i o n  model o f  
S idgw ick  and P ow e ll  w h ich  was l a t e r  e x te n d e d  by G i l l e s p i e  and 
N y h o l m ^ ^  i s  p r o b a b ly  th e  b e s t  r a t i o n a l e  f o r  p r e d i c t i n g  ground 
s t a t e  g e o m e t r i e s .  T h ere  a r e  some c o r r e l a t i o n s ,  e m p i r i c a l  i n  n a t u r e ,  
w h ic h  can  be used  t o  h e l p  p r e d i c t  o r  e x p l a i n  why c e r t a i n  io n s  
fo rm  h ig h  c o o r d i n a t i o n  p o ly h e d ra  and o t h e r s  do n o t .  The m e t a l - i o n  
s i z e - t o - c h a n g e  r a t i o  i s  a b ig  f a c t o r .  I t  can be shown t h a t  a s  th e  
r a t i o  o f  th e  i o n  s i z e  t o  c h a rg e  i n c r e a s e s ,  th e  c o o r d i n a t i o n  number 
a l s o  i n c r e a s e s .  I n  a d d i t i o n ,  t h e  number o f  e l e c t r o n s  i n  th e  d 
l e v e l s  a l s o  h a s  some b e a r i n g  on th e  f o r m a t io n  o f  h ig h  c o o r d i n a t i o n
O Xp o ly h e d r a .  M e ta l  io n s  o f  d o r  d ( x  = 1 t h r u  10) e l e c t r o n  c o n f i g u r a t i o n  
w i t h  x  b e in g  low more r e a d i l y  fo rm  h ig h  c o o r d i n a t i o n  s t r u c t u r e s  
th a n  do m e ta l  io n s  w here  x i s  h i g h .  T h is  can be  e x p l a in e d  on th e  
b a s i s  t h a t  t h e  h ig h  x  c o n f i g u r a t i o n  o f f e r s  few er  lo w -e n e rg y  o r b i t a l s  
a v a i l a b l e  f o r  b o n d in g .  T h is  e x p l a i n s  why e a r l y  e le m e n ts  o f  th e  
t r a n s i t i o n  s e r i e s  fo rm  more h i g h  c o o r d i n a t e  p o ly h e d ra  t h a n  th e  l a t e r  
and p o s t - t r a n s i t i o n  m e ta l  i o n s .
At t h i s  p o i n t ,  a word sh o u ld  be s a i d  a b o u t  c o o r d i n a t i o n  
number o f  a  com plex ( o r  com plexes)  i n  t h e  d i f f e r e n t  p h y s i c a l  s t a t e s .
To d e te rm in e  th e  c o n f i g u r a t i o n  o f  a p a r t i c u l a r  s p e c i e s  i n  th e  g a s e o u s  
s t a t e  i s  t h e o r e t i c a l l y  d e s i r a b l e  b e c a u se  i t  p r o v i d e s  th e  s p e c i e s  i n
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an. u n p e r tu r b e d  e n v i ro n m e n t .  As c h e m i s t s ,  ho w ev er ,  we p r o b a b ly  would 
l i k e  t o  know w hat t h e  s p e c i e s  l o o k s  l i k e  i n  s o l u t i o n .  More o f t e n  th a n  
n o t ,  we a r e  f o r c e d  t o  d e te rm in e  t h e  g e o m e try  o f  t h e  s p e c i e s  i n  th e  
s o l i d  s t a t e .  S o l v a t i o n  e n e r g i e s ,  l a t t i c  e n e r g i e s  and v a r i o u s  o t h e r  
e n e r g i e s  a r e  o f t e n  l a r g e r  th a n  th e  r e - o r g a n i z a t i o n  e n e rg y  o f  a 
s p e c i e s  g o in g  from  a s e v e n -  t o  en  e i g h t - c o o r d i n a t e d  s p e c i e s  o r  
v i c e - v e r s a .  I f  we a r e  i n t e r e s t e d ,  t h e n ,  i n  th e  g e o m e try  o f  a  complex 
i n  s o l u t i o n ,  t h e s e  f a c t s  make th e  t h o r o u g h  i n v e s t i g a t i o n  o f  t h e  
g e o m e try  o f  th e  p a r t i c u l a r  s p e c i e s  v e r y  d i f f i c u l t .
I n  a r e c e n t  s e r i e s  o f  f i v e  p a p e r s b y  M u e t t e r t i e s  
and c o -w o rk e r s ,  a  f a i r l y  d e t a i l e d  c h a r a c t e r i z a t i o n  o f  t r o p o l o n e  
io n  (T) com plexes  en co m p ass in g  s y n t h e s i s ,  s t r u c t u r e  and c h e m is t r y  i s  
p r e s e n t e d .
Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  s e r i e s  o f  r e s e a r c h  p a p e r s  i s  th e  
q u e s t i o n  o f  m o l e c u l a r i t y  and c o o r d i n a t i o n  number o f  th e  com plex
(69 )
p o ly h e d ra  formed w i th  th e  p r o p o lo n a t e  i o n .  M u e t t e r t i e s  _et a l .  '
p o s t u l a t e d  t h a t  th o r iu m  and uran ium (IV ) formed com plexes o f  c o o r d in a t io n
number t e n ,  and t h e s e  f i n d i n g s  w ere s t r o n g l y  s u p p o r te d  by th e  work
(71)o f  S e lb i n  and O r te g o v ' .  Complexes o f  th e  t r o p o l o n a t e  io n  w i t h  
scand ium , y t t r i u m ,  t i t a n i u m ,  z i rc o n iu m ,  h afn ium , th o r iu m ,  vanad ium , 
n io b iu m , ta n ta lu m ,  r a r e  e a r t h  m e t a l s ,  ind ium , t i n  and le a d  w ere
/  £Q\
p r e p a r e d  by  M u e t t e r t i e s  . Of e q u a l  im p o r tan ce  was th e  f i n d i n g  
t h a t  many o f  t h e s e  u n u s u a l l y  h ig h - c o o r d i n a t e d  com plexes a l s o  e x h i b i t  
u n u s u a l  m o l e c u l a r i t y  w h ich  i s  a s s o c i a t e d  w i t h  th e  h ig h  c o o r d i n a t i o n  
num ber. I n  an  e f f o r t  t o  d e s c r i b e  th e  h ig h  c o o r d i n a t i o n  number and 
th e  p o ly m e r ic  n a t u r e  o f  t h e s e  t r o p o l o n a t e  com plexes ,  M u e t t e r t i e s  
h y p o th e s iz e d  t h e  t h r e e - c o o r d i n a t e d  b r i d g i n g  oxygen . He s t a t e s  
t h a t  many o f  th e  t r o p o l o n a t e  com plexes w hich  m igh t o th e rw is e  be 
th o u g h t  o f  a s  s i x - c o o r d i n a t e d  com plexes , have some o f  th e  c h e l a t e  
oxygens s h a re d  by more th a n  one m e ta l  io n  w i th  t h e  r e s u l t  t h a t  th e y  
do n o t  fo rm  d i s c r e t e  s i x - c o o r d i n a t e d  com plexes .  He i s  th u s  a b le  t o  
e x p l a i n  th e  n a t u r e  o f  th e  bond ing  i n  p o ly m e r ic  t r o p o l o n a t e  com plexes 
o f  N i ( I I )  and C o ( I I I ) .  One o f  th e  o u t s t a n d in g  c h a r a c t e r i s t i c s  o f  
t h e s e  p o ly m e r ic  t r o p o l o n a t e  com plexes i s  t h e i r  v e r y  low s o l u b i l i t y  
i n  common s o l v e n t s .  The low s o l u b i l i t y  o f  t h e s e  com plexes makes 
r e l i a b l e  m o le c u la r  w e ig h t  d e t e r m in a t io n  a lm o s t  im p o s s ib l e .
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To p u r s u e  f u r t h e r  t h e  q u e s t i o n  o f  m b l e c u l a r i t y  and
c o o r d i n a t i o n  number p u t  f o r t h  by  M u e t t e r t i e s  and o t h e r s ,  p a r t i c u l a r l y
2+a s  i t  c o n c e rn s  th e  VO s p e c i e s ,  two new co m p lex es ,  V0T2 _and 
V0T2 *py w ere  p r e p a r e d .  A t h i r d  com plex V O C S ^ C i^ e . ,  VO[(CgHg)^ 0 2 8 3 1 2 }> 
w h ic h  had e a r l i e r  b e e n  p re p a re d  a s  a  new com plex ( p r e p a r a t i o n  
d e s c r i b e d  on page 26 ) ,  was found  t o  p o s s e s s  many o f  t h e  same 
c h a r a c t e r i s t i c s  a s  t h e  p o ly m e r ic  t r o p o l o n a t e  com plexes  o f  M u e t t e r t i e s ;  
t h e r e f o r e ,  i t s  g eo m e try  was a l s o  i n v e s t i g a t e d .
B. EXPERIMENTAL
I )  P r e p a r a t io n ,  o f  New Compounds
a )  P r e p a r a t i o n  o f  VOT^ : T ro p o lo n e  (4*8  g .  0 .0 4 0  m ole)
w as d i s s o l v e d  i n  100  ml o f  95% m e th a n o l  and V0 S0 ^»4H20  ( 4 .7  g ;
0 .0 2  m o les )  was d i s s o l v e d  i n  300 ml o f  w a t e r .  The two s o l u t i o n s  
w ere  mixed and a n  im m edia te  g r a y  p r e c i p i t a t e  was p ro d u c e d .  The 
p r e c i p i t a t e  was f i l t e r e d ,  washed w e l l  w i t h  w a te r  and m e th a n o l ,  and 
d r i e d  u n d e r  vacuum . R e c r y s t a l l i z a t i o n  i s  p o s s i b l e  f rom  CH^C^* 
b u t  n o t  c o n v e n ie n t  b e c a u se  o f  th e  v e r y  slow r a t e  o f  d i s s o l u t i o n  i n  
t h i s  s o l v e n t .
A n a l y s i s :  Found: %C = 5 4 .7 1 ,  %H = 3 .4 9 .  C a l c u l a t e d  f o r  VOCC^H^O^)^
i s  %G = 5 4 .3 7 ,  %H = 3 .2 6 .
b) P r e p a r a t i o n  o f  V 0I^«py: To a q u a n t i t y  o f  VOT2 , enough
p y r i d i n e  was added  t o  d i s s o l v e  th e  com plex and p ro d u ce  a r e d - g r e e n  
s o l u t i o n .  To th e  d a rk  s o l u t i o n  was added p e t ro le u m  e t h e r  u n t i l  a 
b ro w n -re d  p r e c i p i t a t e  was fo rm ed .  The p r e c i p i t a t e  was f i l t e r e d ,  
w ashed w i th  p e t ro le u m  e t h e r ,  CCA^, th e n  a g a i n  w i t h  p e t ro l e u m  e t h e r .  
A n a l y s i s :  Found: %C = 5 8 .8 8 ,  = 4 .3 5 .  C a l c u l a t e d  f o r
V0(C7H50 2 ) 2 .C 5H5N: %C = 5 8 .7 6 ,  %H = 3 .8 9 .
c) P r e p a r a t i o n  o f  VOS2 : P r e p a r a t i o n  o f  V0S2 i s  g iv e n  on
page  26 o f  C h a p te r  I .
2) S p e c t r a l  and O th e r  M easurem ents
a )  M o le c u la r  W eigh t D e te r m in a t io n :  The m o le c u la r  w e ig h t
d e t e r m i n a t i o n  o f  VOT2 was made i n  CHgCj^ u s in g  a M echro lab  v a p o r  
p r e s s u r e  osm om eter Model 302. A q u a n t i t y  o f  0 .0 2 8 4  g .  o f  V C ^  was 
d i s s o l v e d  i n  25 ml CH^Cj^ t o  g iv e  0 .00037  M .s o lu t io n  ( l i m i t  o f  
VOT2  s o l u b i l i t y  i n  a f t e r  f o u r  days  d i s s o l u t i o n  p e r i o d ) .  The
recommended c o n c e n t r a t i o n  l i m i t s  f o r  a c c u r a t e  d e t e r m i n a t i o n s  on th e  
v a p o r  p r e s s u r e  osomometer a r e  be tw een  0 .0 0 5  and 0 .1  M. The 
s o l u b i l i t y  l i m i t  o f  VOT2 , t h e r e f o r e ,  p l a c e s  d o u b t  on th e  outcome o f  
t h e  m o le c u la r  w e ig h t  d e t e r m i n a t i o n .  V0 ( a c a ) 2  was u sed  a s  a 
c a l i b r a t i o n  s t a n d a r d .  B ecause  o f  i t s  v e r y  low s o l u b i l i t y ,  no 
m o le c u la r  w e ig h t  d e t e r m i n a t i o n  c o u ld  be made on V0 S2 *
b) NMR S p e c t r a :  The NMR s p e c t r a  w ere  r e c o rd e d  on a
V a r ia n  A60-A NMR S p e c t ro m e te r .  A s p e c i a l  c o a x i a l  tu b e  p u rc h a se d  from  
Wilmad G la s s  Company, Buena, New J e r s e y ,  was used  t o  make t h e  NMR 
s p e c t r a .  The c o a x i a l  tu b e  c o n t a i n s  a  s m a l l  d ia m e te r  tu b e  c e n te r e d  
i n s i d e  a l a r g e  d ia m e te r  t u b e .  A mixed s o l v e n t  o f  C I ^ C ^  and DMSO 
was p la c e d  i n  th e  c e n t e r  tu b e  and a s o l u t i o n  o f  VOT2  i n  th e  mixed 
s o l v e n t  was p la c e d  i n  th e  a n n u lu s  form ed by t h e  s m a l l  and l a r g e  
t u b e s .  The s p e c t r a  w ere  r e c o r d e d  a t  t h e  s m a l l  sweep w i t h  50 cps
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i n  o r d e r  t o  s p re a d  ou th e  C ^ C j ^  peak  i n  t h e  d ia m a g n e t ic  s o l u t i o n  
from  th e  CH ^C^ peak  o f  th e  p a r a m a g n e t i c  s o l u t i o n .  Mixed s o l v e n t s  
w i t h  volum e c o n c e n t r a t i o n  o f  CH^C^/DMSO w h ich  w ere  u sed  w ere 
9 0 /1 0 ,  7 5 /2 5 ,  5 0 /5 0 ,  25 /75  and  1 0 /9 0 .
FIGURE 11a—NMR s p e c tru m  o f  th e  CE^CJL^ p eak s  i n  a s o l u t i o n  
o f  5 0 /5 0  C R ^ H ^ / I M S O  and VOT^ r e c o r d e d  i n  a s p e c i a l  
c o a x i a l  t u b e .  ( T h i s  s p e c tru m  i s  t y p i c a l  o f  t h e  o th e r  
f o u r  s p e c t r a  r e c o r d e d  t o  make FIGURE l i b ) .
FIGURE l l b - - T h e  m a g n e t ic  s u s c e p t i b i l i t i e s  o f  VOT2 i n  
v a r y in g  am ounts o f  CH^C^/UMSO d e te rm in e d  by th e  method 
o f  E v an s .
No m a g n e t ic  s u s c e p t i b i l i t y  o f  VOS2 i n  s o l u t i o n  was made 
b e c a u se  o f  i t s  low s o l u b i l i t y  i n  a l l  s o l v e n t s  i n v e s t i g a t e d .
c) O p t i c a l  S p e c t r a ;  The o p t i c a l  s p e c t r a  w ere  r e c o rd e d  
on a  C ary  14 S p e c t ro p h o to m e te r .  One cm m atched  q u a r t z  c e l l s  w ere  
u sed  t o  r e c o r d  th e  s p e c t r a  o f  VOT2 i n  p y r i d i n e  and VOT2 i n  CB^Cj^ 
(w h ich  was a l lo w e d  f o u r  days  t o  d i s s o l v e ) .  F iv e  cm c e l l s  were used  
t o  r e c o r d  th e  s p e c t r a  o f  a  f r e s h  sam ple o f  VOT2 i n  CE^Cj^, VOS2 i n  
b enzene  and VOS2 i n  p y r i d i n e .  Both VOT2 and VOS2 w ere  r u n  a s  m u l l s  




( 1 0 , 0 0 0  cm t o  3,500& (2 8 ,5 7 0  cm .
FIGURE 1 2 a--T h e  o p t i c a l  s p e c tru m  o f  VOT^ i n  p y r i d i n e ,
FIGURE 12b-~The o p t i c a l  s p e c tru m  o f  V O ^  i n  n u j o l  m u l l ,
FIGURE 1 2c--T he  o p t i c a l  sp e c tru m  o f  V0T£ i n  CI^C ĵ  ( f r e s h l y
p r e p a r e d ) .
FIGURE 12d--T he  o p t i c a l  s p e c tru m  o f  VOT2 i n  C l^C .^  
( r e q u i r i n g  a  f o u r  d ay  d i s s o l u t i o n  t i m e ) .
D a ta  from  th e  above (FIGURES 1 2a-12d )  have b een  summarized 
i n  T a b le  X I I .
FIGURE 1 3a--T he  o p t i c a l  s p e c tru m  o f  VOS2 i n  p y r i d i n e .
FIGURE 13b—The o p t i c a l  sp e c tru m  o f  VOS2 i n  n u j o l  m u l l .
FIGURE 1 3 c--T h e  o p t i c a l  s p e c t ru m  o f  VOS2 i n  b e n z e n e .
D a ta  from  th e  above (FIGURES 13a-13c) have b e e n  summarized 
i n  T a b le  X I I I .
d) IR  S p e c t r a :  The IR  s p e c t r a  w ere r e c o r d e d  on a  Beckman
IR-7 S p e c t ro p h o to m e te r  i n  th e  NaCj£ r e g i o n .
FIGURE 14a--VOT2 was m u lled  i n  n u j o l  and th e  IR  s p e c tru m  
was r e c o rd e d  be tw een  KaG£ p l a t e s .
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FIGURE 14a—VOTg'py was m u lled  i n  n u j o l  and th e  IR  sp e c tru m  
w as r e c o r d e d  be tw een  NaCjJ p l a t e s .
e )  M a g n e tic  Moment D e te r m in a t io n ;  The m a g n e t ic  
s u s c e p t i b i l i t i e s  o f  s o l i d  VCK^ and s o l i d  VOS2 w ere  d e te rm in e d  by 
th e  Gouy method u s in g  a n  A in s w o r th  ty p e  BCT b a l a n c e  w i t h  a  model 
AL7500 e l e c t r o m a g n e t  p roduced  by  A lpha S c i e n t i f i c  L a b . ,  I n c .
VOCaca)^ was used a s  a c a l i b r a t i o n  s t a n d a r d .
f )  ESR S p e c t r a :  The ESR s p e c t r a  o f  a l l  sam p les  w ere
r e c o r d e d  on a model JES-3BX, X band s p e c t r o m e te r  p roduced  by Jap an  
E l e c t r o n  O p t ic s  L a b o r a to r y  C o . ,  L td .  A l l  s p e c t r a  w ere  r e c o r d e d  a t  
a m b ie n t  t e m p e r a t u r e .
FIGURE 15a— The ESR sp e c tru m  o f  VOT^ was r e c o rd e d  i n  
CE^Cj^ a s  a  s o l v e n t .
FIGURE 1 5 b--T he  ESR sp e c tru m  o f  VOT2 was r e c o r d e d  i n  a 
sam ple  d i l u t e d  by t r o p o l o n e  l i g a n d ,  a s  a  d i l u t e  s u s p e n s io n  
i n  n u j o l  m u l l  and i n  a  s o l u t i o n  o f  c y c lo h e x a n o l .
FIGURE 1 6 a --T h e  ESR s p e c tru m  o f  VOS2 was r e c o r d e d  i n  a 
b enzene  s o l u t i o n .
FIGURE 16b— The ESR s p e c tru m  o f  VOS2 was r e c o r d e d  a s  a 
s o l i d  d i l u t e d  i n  th e  p o ta s s iu m  s a l t  o f  t h e  o r g a n i c  l i g a n d .
G. THEORY
1) M ag n e t ic  Moment -  Gouy Method
A t h e o r e t i c a l  t r e a t m e n t  o f  m a g n e t ic  s u s c e p t i b i l i t y  can  be 
(7 2  73) *found  i n  a number o f  t e x t s  ’ . A more d e s c r i p t i v e  b u t  l e s s
(23)
t h e o r e t i c a l  t r e a t m e n t  i s  g iv e n  by Drago . To g iv e  a d e q u a te  
c o v e ra g e  t o  t h e  t h e o r e t i c a l  t r e a tm e n t  o f  m a g n e t ic  s u s c e p t i b i l i t y  
w ould  r e q u i r e  more space  th a n  can  be  j u s t i f i e d  i n  t h i s  d i s s e r t a t i o n ;  
t h e r e f o r e ,  o n ly  a b r i e f  d e s c r i p t i o n  o f  t h e  p r o c e d u r e s  used  t o  d e r iv e  
th e  m a g n e t ic  s u s c e p t i b i l i t i e s  and th e  r e l e v a n t  e q u a t i o n s  w i l l  be 
g iv e n .
The e x p e r im e n ta l  d e t e r m i n a t i o n  o f  m a g n e t ic  p r o p e r t i e s  
d o e s  n o t  i n v o lv e  d i r e c t  m easurem ent o f  th e  m a g n e t ic  moment, (j,, b u t  
i n s t e a d  m easurem ent o f  t h e  m a g n e t ic  s u s c e p t i b i l i t y ,  from  w hich  
th e  moment i s  c a l c u l a t e d .  T h is  i s  done by s u s p e n d in g  a  c y l i n d r i c a l  
sam ple o f  c r o s s  s e c t i o n  A i n  a m a g n e t ic  f i e l d  so t h a t  one end o f  
th e  sam ple i s  a t  th e  h ig h  i n t e n s i t y  o f  t h e  f i e l d  H ( c e n t e r  o f  th e  
m a g n e t ic  p o l e s )  w h i le  t h e  o t h e r  end o f  t h e  sample p r o j e c t s  above 
th e  m a g n e t ic  p o l e s  t o  w here  th e  f i e l d  i s  a lm o s t  n e g l i g i b l e .
The f o r c e  a c t i n g  on th e  sam ple i s  t h e n  g iv e n  by  th e  r e l a t i o n
F = %A(H2 -  H2) ( K -K ')  + S . . . . 1 5
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w here  K i s  t h e  m a g n e t ic  s u s c e p t i b i l i t y  o f  t h e  sam ple  p e r  u n i t
vo lum e, K 1 i s  th e  m a g n e t ic  s u s c e p t i b i l i t y  o f  th e  a tm o sp h e re  p e r
u n i t  volum e and S i s  th e  f o r c e  due t o  th e  sample tu b e  a l o n e .  K1
f a l l s  w e l l  w i t h i n  t h e  l i m i t s  o f  a c c u r a c y  o f  m ost m e a su r in g
eq u ip m en t  and i n  m ost c a s e s  can  be ig n o r e d .  S in c e  t h e  c r o s s - s e c t i o n
2 2o f  t h e  sam ple  i s  u n i fo rm ,  th e  f a c t o r  %A(H -H.q ) may be t r e a t e d  as  
a  c o n s t a n t .  S in c e  t h e  gram s u s c e p t i b i l i t y  i s  r e l a t e d  to  t h e  volume 
s u s c e p t i b i l i t y  by  a c o n s t a n t ,  t h e  d e n s i t y  ( i . e . ,  ^  |) ,  th e n
E q .1 5  becomes
106v ....16
W
w here  ^  i s  th e  gram s u s c e p t i b i l i t y ,  w i s  th e  w e ig h t  o f  th e  sample 
i n  g ram s, |3 i s  th e  tu b e  c a l i b r a t i o n  c o n s t a n t  and F '  = F -S .  One 
n o rm a l ly  f i n d s  th e  c o n s t a n t  p by m e a su r in g  F on a sam ple whose 
m a g n e t ic  moment (j, i s  known. Then from  E q .16
He f f  = 2 . 84(T x  x £ ° r r ) % . . . . 1 7
one can  d e te r m in e  th e  c o r r e c t e d  m o la r  s u s c e p t i b i l i t y  By
003C3Ta d d in g  t h e  P a s c a l ' s  c o n s t a n t s  t o  ^  ( s e e  r e f . 72) one d e te r m in e s  
t h e  ( u n c o r r e c t e d  f o r  d ia m a g n e t is m  o f  th e  co m p lex ) .  The u n c o r r e c t e d
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^  I s  t h e n  used  t o  f i n d  th e  gram s u s c e p t i b i l i t y  Xg from  th e  r e l a t i o n
%  = Xg M
w here  M i s  th e  m o le c u la r  w e ig h t  o f  th e  com plex . The c a l i b r a t i o n  
c o n s t a n t  f o r  th e  t u b e ,  |3, can  t h e n  be  found  from  E q .1 5 .  The 
r e v e r s e  p r o c e s s  i s  t h e n  used  t o  f i n d  th e  m a g n e t ic  moment, jj,, f o r  a 
v. new com plex . The c o n s t a n t ,  g ,  f o r  th e  sample tu b e  was d e te rm in e d  
by  u s in g  V O C aca^  s i n c e  i t s  m a g n e t ic  moment and o t h e r  p r o p e r t i e s  
a r e  most l i k e  t h e  p r o p e r t i e s  o f  t h e  new co m p lex es ,  VCM̂  and V t ^ .
2) M a g n e t ic  Moment -  NMR Method
One c r i t e r i a  by w hich  M e u t t e r t i e s  d e te rm in e d  com plexes  
o f  t r o p o l o n e  t o  be p o ly m e r ic  was t h e i r  v e r y  low s o l u b i l i t y  i n  non­
p o l a r  s o l v e n t s .  V0T2 an<  ̂ ^ 0 S 2  ex k * k i t  v e r y l ° w s o l u b i l i t y  i n  
CHgC^ and o t h e r  i n e r t  s o l v e n t s .  S in c e  t h e  monomers, VCX^ and 
VOS^, a r e  e x p e c te d  t o  be p a r a m a g n e t i c  (a  d^ s y s te m ) ,  t h e  m a g n e t ic  
s u s c e p t i b i l i t y  o f  t h e i r  s o l u t i o n s  c o u ld  be a m easu re  o f  t h e  d e g re e  
t o  w h ich  t h e  com plexes p o ly m e r iz e ;  t h a t  i s ,  t h e  po lym er may p r o v id e  
a  m echanism  by w h ich  u n p a i r e d  e l e c t r o n s  can p a i r  u p .  The c o n v e n t io n a l  
Gouy method o f  d e t e r m in in g  t h e  m a g n e t ic  moment i n  s o l u t i o n  does  n o t  
l e n d  i t s e l f  to  t h i s  ty p e  o f  d e t e r m i n a t i o n  b e c a u se  o f  t h e  v e r y  low
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c o n c e n t r a t i o n  o f  t h e  p a ra m a g n e t i c  io n  i n  s o l u t i o n .  E v a n s ^ ^ ,
how ever,  h a s  d e m o n s t r a te d  a method w h ich  i s  we1 1 - s u i t e d  f o r  t h e  
d e t e r m i n a t i o n  o f  m a g n e t ic  s u s c e p t i b i l i t y  o f  a  p a r a m a g n e t i c  io n  o f  
low c o n c e n t r a t i o n  i n  s o l u t i o n .  The method em ploys t h e  u se  o f  p r o to n  
NMR s p e c t r a .  The ch e m ic a l  s h i f t s  from  a p u re  r e f e r e n c e  o f  an  
u n c o o r d in a te d  r e f e r e n c e  m o le c u le  ( e i t h e r  t h e  s o lv e n t  m o le c u le  o r  
a m o le c u le  added  t o  th e  s o l u t i o n )  i n  s o l u t i o n  cau sed  by t h e  
p a r a m a g n e t i c  s u b s t a n c e  may be g iv e n  by th e  t h e o r e t i c a l  e x p r e s s i o n :
^  ^  AK . . . . 1 9
w here  AK i s  th e  change i n  volum e s u s c e p t i b i l i t y .  The more u s e f u l  
Eq. 19
3Af X q ^ o  d s> on
x  "  2nfM x o M . . . .  20
can  be used  t o  d e te r m in e  th e  mass s u s c e p t i b i l i t y ,  o f  th e  p a ra m a g n e t i c
io n  i n  s o l u t i o n  d i r e c t l y  f ro m  th e  c h e m ic a l  s h i f t  Af. The q u a n t i t i e s ,
f  = r e s o n a t e  f r e q u e n c y  o f  t h e  p r o t o n  (60 Me), m -  m ass  o f  s u b s t a n c e
i n  1 ml o f  s o l u t i o n ,  %q =  t h e  mass s u s c e p t i b i l i t y  o f  t h e  s o l v e n t ,
dQ = d e n s i t y  o f  t h e  s o l v e n t ,  d g = th e  d e n s i t y  o f  th e  s o l u t i o n ,  a r e
(74)a l l  e a s i l y  d e t e r m i n a b l e .  F r e i  and B e r n s t e i n  '  have d e te rm in e d  t h a t
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t h i s  method w i l l  a p p ro a c h  th e  c l a s s i c a l  Gouy method i n  a c c u r a c y  i f
t h e  p i t f a l l s  g iv e n  by  Benson and P h i l l i p s  '  a r e  a v o id e d .  T h is
method was used  t o  d e te rm in e  th e  m a g n e t ic  moment o f  VOCaca)^ i n  
o c o r r
C l ^ C ^  a t  40 c * The was found  t o  be  1 .77  BM, v e r y  c l o s e  t o
t h e  b a lu e  o f  1 .7 3  found  f o r  th e  s o l i d ^ ^ , The s l i g h t l y  h ig h  
v a l u e  i s  p r o b a b ly  due t o  a  c o m b in a t io n  o f  s o l u t i o n  and te m p e r a tu r e  
e f f e c t s .
3) E l e c t r o n  S p in  R esonance
The e x t e n s i v e  scope o f  e l e c t r o n  s p in  r e s o n a n c e  (ESR)
p r e c l u d e s  a com p reh en s iv e  p r e s e n t a t i o n  o f  th e  s u b j e c t  h e r e  b u t  a
b r i e f  d e s c r i p t i v e  u n d e r s t a n d i n g  o f  th e  p r i n c i p l e s  o f  ESR i s  n e c e s s a r y
t o  a p p r e c i a t e  p a r t s  o f  t h e  c h a p t e r .  F o r  a more th o ro u g h  u n d e r s ta n d i n g
o f  ESR, t h e  r e a d e r  i s  a d v i s e d  t o  c o n s u l t  r e f e r e n c e s  7 5 -7 7 .
ESR i s  a b r a n c h  o f  a b s o r p t i o n  s p e c t r o s c o p y  i n  w h ich
m icrow ave r a d i a t i o n  i s  a b s o rb e d  by th e  u n p a i re d  e l e c t r o n  s p i n  o f
a  p a r a m a g n e t i c  s p e c i e s .  An e l e c t r o n  h a s  a s p in  S o f  % and i t s  s p in
a n g u l a r  momentum quantum  number can  have  v a l u e s  o f  mg = ±&. In
t h e  a b s e n c e  o f  a m a g n e t ic  f i e l d ,  th e  s p in  s t a t e s  a r e  d e g e n e r a te  b u t
i n  a m a g n e t ic  f i e l d  th e  d e g e n e ra c y  i s  r e s o l v e d  w i t h  a low er  e n e rg y
l e v e l  c o r r e s p o n d in g  t o  m = -% and th e  h i g h e r  e n e r g y  l e v e l  c o r r e s p o n d in gs
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no m a g n e t ic  f i e l d m a g n e t ic  f i e l d
A t r a n s i t i o n  b e tw ee n  th e  two d i f f e r e n t  e n e rg y  l e v e l s  o c c u r s  i n  a 
m a g n e t ic  f i e l d  when an  e l e c t r o n  i n  t h e  s t a t e  mg = -% a b s o r b s  e n e rg y  
o f  hv = E . T h i s  r e l a t i o n  i s  a l s o  w r i t t e n :
w here h i s  P l a n c k ' s  c o n s t a n t ,  v i s  t h e  f r e q u e n c y  o f  r a d i a t i o n ,  
g i s  th e  Bohr m agne ton , Hq i s  th e  f i e l d  s t r e n g t h  o f  th e  m a g n e t ic  
f i e l d  and g i s  t h e  Lande s p l i t t i n g  f a c t o r ,  a p r o p o r t i o n a l i t y  c o n s t a n t  
b e tw ee n  th e  m a g n e t ic  moment and th e  m a g n e t ic  moment o f  an  unbound 
e l e c t r o n .  The q u a n t i t y  g i s  n o t  a c o n s t a n t  b u t  a t e n s o r  q u a n t i t y  
whose v a l u e  d ep en d s  upon th e  o r i e n t a t i o n  o f  th e  m o le c u le  c o n t a i n i n g  
th e  u n p a i r e d  e l e c t r o n  w i t h  r e s p e c t  t o  t h e  m a g n e t ic  f i e l d .  B ecause 
o f  i t s  f reedom  o f  m o t io n  i n  t h e  s o l u t i o n  and g a s  p h a s e ,  t h e  g v a l u e  
i s  a v e ra g e d  o v e r  a l l  o r i e n t a t i o n s  b u t  i n  a c r y s t a l ,  movement i s
E = hv  = gf3Ho . . . .  20
127
r e s t r l c t e d o  The g v a l u e  i s  a l s o  s i n g u l a r  i n  a p e r f e c t l y  c u b ic  c r y s t a l  
s i t e  a n d ,  th u s  i s  in d e p e n d e n t  o f  c r y s t a l  o r i e n t a t i o n ;  t h e  g v a l u e  i s  
s a id  t o  be  i s o t r o p i c .  I n  a  c r y s t a l  s i t e  o f  lo w er  symmetry, t h e  g 
v a l u e  d epends  upon t h e  o r i e n t a t i o n  o f  th e  c r y s t a l  and i s  s a i d  t o  be 
a n i s o t r o p i c .  I n  t h i s  c a s e ,  two g v a l u e s ,  g j |  w h ich  i s  u s u a l l y  ta k e n  
t o  be p a r a l l e l  w i t h  th e  m a jo r  m o l e c u la r  a x i s ,  and g^, w h ich  i s  th e  
a x i s  p e r p e n d i c u l a r  t o  8 | | »  a r e  m ost o f t e n  r e f e r r e d  t o .  They a r e  
r e l a t e d  to  th e  a v e ra g e  g v a l u e  by
2 1 2 , 2 2  
8 “  3s  \  | 3S j. ------
I f  one w ere  t o  r e c o r d  th e  a b s o r p t i o n  e n e rg y  v s  t h e  f i e l d  
s t r e n g t h ,  one w ould  f i n d  a peak  s i m i l a r  t o  t h a t  found  in  an  NMR 
s p e c tru m  ( a ) .  Most s p e c t r a ,  how ever,  a r e  u s u a l l y  r e c o r d e d  a s  th e
GiHj 600
(a )  (b )
f i r s t  d e r i v a t i v e  o f  th e  a b s o r p t i o n  cu rv e  a g a i n s t  t h e  f i e l d  s t r e n g t h .
F o r  a s i n g l e  u n p a i r e d  e l e c t r o n ,  th e  s p e c tru m  w ould  lo o k  l i k e  ( b ) . I f ,  
how ever,  an  u n p a i r e d  e l e c t r o n  i s  i n  t h e  v i c i n i t y  o f  a n u c le u s  w i t h  s p in  
I ,  a n  i n t e r a c t i o n  t a k e s  p l a c e  w h ich  c a u s e s  t h e  a b s o r p t i o n  s i g n a l  t o  be
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s p l i t  i n t o  21+1 com ponents . The cause  o f  t h i s  s p l i t t i n g  i s  th e
n u c l e a r  s p i n - e l e c t r o n  s p in  c o u p l in g  a r i s i n g  m a in ly  from  th e  Ferm i
c o n t a c t  te rm  o f  th e  s p in  H a m i l to n ia n ,  As an exam ple , i f  one were to
2+r e c o r d  th e  sp e c tru m  o f  a VO com plex, one would n a t u r a l l y  e x p e c t  to
51w i t n e s s  an  e i g h t  l i n e  sp ec tru m  s in c e  th e  n u c l e a r  s p in  o f  V f o r  t h i s
s '
1 7  7d com plex i s  — (number o f  l i n e s  = 21+1 = 2^ + 1 = 8 ) .  The o r i g i n
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The s e l e c t i o n  r u l e  p e r m i t s  t r a n s i t i o n s  w i t h  = d ia n d  AM_ = 0 ;S X
t h u s ,  one can  see  t h a t  o n ly  e i g h t  l i n e s  a r e  e x p e c t e d .  The e n e r g i e s  
o f  e a c h  l e v e l  a r e  g iv e n  by th e  r e l a t i o n :
™ % = SpHM + AM M. . . . . 2 2(Mg, MI ) s s i
w here  A i s  th e  e l e c t r o n  s p i n - n u c l e a r  s p in  c o u p l in g  c o n s t a n t .  Thus, 
t h e  a l lo w e d  t r a n s i t i o n  e n e r g i e s  be tw een  th e  v a r i o u s  e n e r g i e s  E ^-E^g, 
e t c .  can  be c a l c u l a t e d  from  th e  r e l a t i o n :
E16"E1 = £sPH<%) + <+§X+§>A] “ [ 8 PH (-% )+ (+ |)  C -J)A ]
o r
AE = g 0 H  + |A  . . . . 2 3
T h e re  som etim es a r i s e s  t h e  c a s e  w here  th e  u n p a i re d  e l e c t r o n  
i s  d e l o c a l i z e d  o v e r  more t h a n  one e q u i v a l e n t  n u c l e u s  whose n u c l e a r  
s p i n s  a r e  g r e a t e r  t h a n  %. A p o s s i b i l i t y  m ig h t be an  u n p a i r e d  e l e c t r o n  
d e l o c a l i z e d  o v e r  two vanad ium  a tom s w h ich  a r e  t i e d  t o g e t h e r  by an 
o r g a n i c  m a t r i x .  Through a d ia g ra m  s i m i l a r  t o  th e  e n e rg y  l e v e l  
d ia g ra m  shown on page 128 , one can  s e e  t h a t  t h e  number o f  l i n e s  
e x p e c te d  c o u ld  be d e te rm in e d  by th e  r e l a t i o n  2n l + l .
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A p p ly in g  t h i s  t o  th e  c a s e  o f  th e  two vanad ium  a to m s ,  one 
would e x p e c t  t o  o b s e rv e  f i f t e e n  l i n e s .
D. RESULTS AND DISCUSSION
1) S o l u b i l i t y
The s o l u b i l i t y  o f  VOT_ i n  i n e r t  s o l v e n t s  su ch  a s  b e n z e n e ,  
CHCj^ and w as found  t o  be v e r y  low. The s o l u b i l i t y  was q u i t e
low in  CH^OH, b u t  i n  p y r i d i n e ,  t h e  com plex was found  t o  be v e r y  
s o l u b l e .  The s o l u b i l i t y  o f  VOT2  i n  CH^Cj^ i n c r e a s e d  w i th  t im e .
I t  was found  t h a t  up t o  0 .0 2 8  g .  o f  w ould  d i s s o l v e  i n  25 ml
C l^C j^  i n  a f o u r  day  p e r i o d .
The s o l u b i l i t y  o f  VOS2 was e x t r e m e ly  low , n o t  o n ly  i n  i n e r t
s o l v e n t s  such  a s  b e n z e n e ,  CHCA^ and ^ Ut a ^ so *'ri more P ° l a r
l i g a t i n g  s o l v e n t s  such  a s  CH^OH, THF ( t e t r a h y d r a f u r a n ) , DMSO 
( d i m e t h y l s u l f o x i d e )  and p y r i d i n e .  Very l i t t l e  d i f f e r e n c e  i n  
s o l u b i l i t y  was o b se rv e d  be tw een  CE^Cj^ and p y r i d i n e .
As a r e s u l t  o f  t h e i r  e x t e n s i v e  work on com plexes  o f  th e  
t r o p o l o n a t e  i o n ,  M u e t t e r t i e s  e_t a l«  p ro p o se d  t h a t  th e  s o l u b i l i t y  
o f  th e s e  com plexes  i n  common s o l v e n t s  be one o f  th e  main c r i t e r i a  
f o r  d e t e r m in in g  w h e th e r  t h e  t r o p o l o n a t e  w as ,  i n  f a c t ,  a  po lym er in  
t h e  s o l i d  s t a t e .  VOT2 m e e ts  th e  r e q u i r e m e n t s  o f  M u e t t e r t i e s  f o r  
b e i n g  a p o ly m er .  The t r o p o l o n a t e  com plexes  p o ly m e r iz e  t o  d im e r s ,  
t r i m e r s  o r  h ig h e r  po ly m ers  by fo rm in g  t h r e e - c e n t e r e d  b r i d g i n g  
oxygen b o n d s ,  u s i n g  th e  t r o p o l o n a t e  i o n  o x y g e n s .  I f  t h e  c r i t e r i a
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f o r  p r e d i c t i n g  p o l y m e r i z a t i o n  i s  v a l i d  and p o ly m e r i z a t i o n  t a k e s  
p l a c e  th ro u g h  t h r e e - c e n t e r e d  oxygen b o n d s ,  th e n  VOT^ must be a t  
l e a s t  s e v e n - c o o r d i n a t e d ,  i f  n o t  g r e a t e r .
No e x t e n s i v e  w ork , s i m i l a r  t o  t h a t  on th e  t r o p o l o n a t e  io n ,  
h a s  b een  done w i th  t h e  5 - m e r c a p t o - 3 - p h e n y l - l , 3 , 4 - t h i a d i a z o l e - 2 - t h i o n
i o n ,  b u t  we can  assumed f o r  t h e  moment t h a t  t h e  low s o l u b i l i t y  o f
2+i t s  VO com plex r e s u l t s  from  th e  same p o ly m e r i z a t i o n  r e q u i r e m e n t s  
p o rp o se d  f o r  V C ^ .
2) M o le c u la r  W eigh t S tu d ie s
The m o le c u la r  w e ig h t  d e t e r m i n a t i o n  o f  VOT^ y i e ld e d  a  v a l u e  
o f  a p p r o x im a te ly  390 . The m o le c u la r  w e ig h t  f o r  th e  monomer i s  
c a l c u l a t e d  t o  be 309 . Due t o  th e  low s o l u b i l i t y  o f  V C ^ ,  th e  
d e t e r m i n a t i o n  was made a t  a b o u t  o n e - t e n t h  th e  c o n c e n t r a t i o n  
recommended by  th e  i n s t r u m e n t  m a n u fa c tu r e r  a s  t h e  minimum c o n c e n t r a t i o n  
r e q u i r e d .  A lth o u g h  t h i s  d e t e r m i n a t i o n  i n d i c a t e s  some p o l y m e r i z a t i o n  
i n  CHgCj^ s o l u t i o n ,  th e  r e s u l t s  a r e  v e r y  u n c e r t a i n  b e c a u se  o f  th e  
t o o  low c o n c e n t r a t i o n .  No a t t e m p t  was made t o  make a m o le c u la r  
w e ig h t  d e t e r m i n a t i o n  on VOS2 s in c e  i t s  s o l u b i l i t y  was ev en  lo w er  
t h a n  t h a t  o f  V C ^ .
3) NMR S p ectra
I n  a n  a t t e m p t  t o  d e te rm in e  i f  VOT^ showed some e v id e n c e  o f  
p o l y m e r i z a t i o n  i n  an  i n e r t  s o l u t i o n ,  t h e  method o f  E v a n s d e s c r i b e d  
e a r l i e r ,  was used  t o  d e te rm in e  t h e  m a g n e t ic  moment o f  V0T2* I n  o r d e r  
t o  g e t  s u f f i c i e n t  VCH^ d i s s o l v e d  i n t o  th e  m ix tu r e  was a l lo w e d
t o  d i s s o l v e  f o r  f o u r  d a y s .  The NMR sp e c tru m  o f  t h i s  s o l u t i o n  showed 
v e r y  l i t t l e  p a r a m a g n e t i c  c h a r a c t e r  s i n c e  o n ly  l i n e  b r o a d e n in g  was 
o b s e r v e d .  C a l c u l a t i o n s  show (a ssu m in g  u ^  = 1*75 BM) t h a t  th e  
CRgC&g  peak  o f  th e  d ia m a g n e t ic  s o l u t i o n  sh o u ld  be s p l i t  form  th e  
peak  o f  t h e  p a r a m a g n e t i c  s o l u t i o n  by  an  e a s i l y  o b s e r v a b le  
s p l i t t i n g  (~ 0 .7  c p s ) .  The o p t i c a l  s p e c tru m  showed t h a t  th e  s o l u t i o n  
m ig h t  have o x id i z e d  s in c e  t h e  d -d  bands  w ere  e i t h e r  s e v e r e l y  s h i f t e d  
o r  t h e y  w ere  m i s s in g  e n t i r e l y .  I t  t h u s  seemed l i k e l y  t h a t  th e  lo n g  
d i s s o l u t i o n  p r o c e s s  was i n  some way c o n n e c te d  w i th  an  o x i d a t i o n  
m echan ism . Enough o f  th e  VOT2 c o u ld  be d i s s o l v e d  i n  s o l u t i o n ,  
u n a f f e c t e d  b y  o x i d a t i o n ,  t o  r e c o r d  i t s  o p t i c a l  s p e c tru m  i n  th e  lo n g e r  
5 cm c e l l s ,  b u t  w i t h i n  24 h o u r s ,  a l l  o f  t h e  d -d  bands  e x h i b i t e d  by 
t h e  f r e s h  s o l u t i o n  had d i s a p p e a r e d .  The s o l u t i o n ' o f  VOT2 i n  p y r i d i n e  
was shown t o  be  r e a s o n a b l y  u n a f f e c t e d  b y  o x i d a t i o n  f o r  a  m a t t e r  o f  
d a y s .  A new com plex , V C ^ 'p y  was i s o l a t e d  from  a p y r i d i n e  s o l u t i o n  
o f  The s t a b i l i t y  o f  VOT^ i n  p y r i d i n e  l e a d s  t h e  a u t h o r  t o
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c o n c lu d e  t h a t  th e  o x i d a t i o n  mechanism t a k e s  p l a c e  a t  th e  s i x t h  p o s i t i o n
and t h a t  p y r i d i n e ,  o r  some o t h e r  p o l a r  m o le c u le ,  can  s e rv e  e f f e c t i v e l y
t o  b lo c k  th e  s i x t h  p o s i t i o n  a t t a c k ,  a t  l e a s t  f o r  a p e r io d  o f  t im e .
W ith  th e  above i n  m ind , a s e r i e s  o f  f i v e  s o l u t i o n s  made
up from  d im e t h y l s u l f o x i d e  (DMSO) and CE^Cj^ whose volume f r a c t i o n s
ra n g e d  from  0 .9  DMSO/O.l CE2C.1&2 t o  0 .1  DMSO/O.9 C ^ C . ^  w ere  p r e p a r e d .
I t  was found  t h a t  s u f f i c i e n t  VOT2 c o u ld  be d i s s o l v e d  r a p i d l y  i n
t h e s e  s o l u t i o n s  so  t h a t  t h e  m a g n e t ic  s u s c e p t i b i l i t y  o f  VOI^ c o u ld
be  d e te rm in e d  by t h e  NMR m e thod . A r e p r e s e n t a t i v e  NMR s p e c tru m  o f
one o f  t h e s e  s o l u t i o n s  i s  found  i n  F ig u r e  11a and th e  r e s u l t s  o f
t h e s e  d e t e r m i n a t i o n s  a r e  shown on th e  g r a p h  i n  F ig u r e  l i b .  The
ra n g e s  from  1 .8 2  BM i n  0 .9  DMSO/O.l C E ^C ^ t o  0 .9 4  EM i n
0 .1  DMSO/O.9 CE^Cj^* The s t r a i g h t  l i n e  e x t r a p o l a t i o n  o u t  t o  p u re
CH_C£0 s o l u t i o n  shows t h a t  V0To s h o u ld  have  m, . .  o f  a b o u t  1 .1  BM2 2 2 ^ e f  r
i n  p u re  T h i s  i s  i n  c l o s e  a g re e m e n t  w i t h  th e  m a g n e t ic
moment o f  ne £.j: = 1 .2 1  d e te rm in e d  f o r  VOT2 by t h e  Gouy m ethod .
(The Gouy p ro c e d u re  and i t s  r e s u l t s  w i l l  be d i s c u s s e d  i n  d e t a i l  
l a t e r ) .
I n  o r d e r  f o r  th e  above p ro c e d u r e  t o  have v a l i d i t y ,  one 
c o u ld  make two a s s u m p t io n s .  F i r s t ,  one c o u ld  assum e an  e q u i l i b r i u m
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F ig u r e  11a
The p r o to n  NMR s p e c tru m  o f  i n  a c o a x i a l  s e t  o f  tu b e s
c o n t a i n i n g  a s o l u t i o n  o f  DMSO/CH^Cj^ i n  th e  
i n n e r  tu b e  (p e a k  A) and a  s o l u t i o n  o f  V C ^  
in  DMSO/CE^C^ i n  th e  a n n u l u s .
10
F R E Q U E N C Y - C P S
F ig u r e  11b
M agnetic, moment (u, ) o f  V0To i n  a mixed s o l u t i o ne £ r  Z
o f  CH^C^/DMSO as  a f u n c t i o n  o f  
i n c r e a s i n g  CE^Cj^ c o n c e n t r a t i o n .
*
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i n  s o l u t i o n  s i m i l a r  t o :
a v o t 2 *dmso o v o t 2 + a dmso
J-T
(v°r2)a
T hus ,  a t  z e r o  volum e f r a c t i o n  o f  DMSO t h e r e  s h o u ld  e x i s t  i n  
e q u i l i b r i u m  th e  monomar and po lym er o f  VOI2 w h ic h  w ould  be 
r e f l e c t e d  by th e  a v e ra g e  m a g n e t ic  s u s c e p t i b i l i t y  o f  th e  s o l u t i o n .  
The second  a s s u m p t io n  i s  t h a t  t h e  a v e ra g e  r e s i d e n t  t im e  o f  th e  
DMSO i n  th e  s i x t h  p o s i t i o n  l i m i t s  t h e  amount o f  o x i d a t i o n  t a k i n g  
p l a c e  so t h a t  a l l  ( o r  m o s t)  o f  th e  VOT2 i n  s o l u t i o n  i s  u n o x id iz e d  
when t h e  NMR s p e c t r a  a r e  r e c o r d e d .  As a p r e c a u t i o n ,  o n ly  one 
sam ple  was made up a t  a  t im e  and n o t  o v e r  t e n  m in u te s  was a l lo w e d  
t o  e l a p s e  b e f o r e  t h e  NMR s p e c tru m  was r e c o r d e d .  A lth o u g h  some 
o x i d a t i o n  to o k  p l a c e ,  th e  amount was p r o b a b ly  n o t  s u f f i c i e n t  t o  
i n v a l i d a t e  th e  f i n d i n g s  o f  F ig u r e  l i b ,  w h ich  c l e a r l y  i n d i c a t e s  
t h a t  some p o l y m e r i z a t i o n  m ust be t a k i n g  p l a c e  i n  CH2C^2 s o l u t i o n s .
4) O p t i c a l  S p e c t r a
The o p t i c a l  s p e c t r a  o f  VOT2 w ere  r e c o r d e d  i n  v a r i o u s  
m edia  and p o r t i o n s  o f  t h e s e  s p e c t r a  a r e  shown i n  F ig u r e  1 2 a -1 2 d .  A
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F i g u r e  12a
The e l e c t r o n i c  s p e c tru m  o f  VOT i n  a s o l u t i o n  o f  p y r i d i n e
-1  -1r e c o rd e d  be tw een  1 0 ,0 0 0  cm and 2 5 ,0 0 0  cm .
K K  U N I T S
A N G S T R O M S  XIO'■
F ig u re  12b
The e l e c t r o n i c  sp e c tru m  o f  VOT. i n  n u j o l  m u l l
- 1  - 1r e c o rd e d  be tw een  1 0 ,0 0 0  cm and 2 5 ,0 0 0  cm .
n  K UNITS
I 4 44
A N G S T R O / i S  X 0
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F ig u r e  12c
The e l e c t r o n i c  s p e c tru m  o f  VOT^ i n  a s o l u t i o n  o f  
r e c o r d e d  be tw een  1 0 ,0 0 0  cm ^ and 2 5 ,0 0 0  cm
K K UNITS
2! 20 I f  18 17 16 IS If  13 12 / /  10
A N G S T R O M S  X Iff'
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F ig u r e  12d
The e l e c t r o n i c  sp e c tru m  o f  VOT^ w h ich  r e q u i r e d  f o u r  days
i n  w h ic h  t o  d i s s o l v e  i n  CH.CA.. The sp e c tru m  was
-1  -1r e c o r d e d  b e tw een  1 0 ,0 0 0  cm and 25 ,000  cm .
K K UNITS
ANGSTROf lS  XIO
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summary o f  th e  o p t i c a l  s p e c t r a l  d a t a  i s  g iv e n  i p  T a b le  X I I .
P ro b a b ly  th e  m ost i n t e r e s t i n g  a s p e c t s  o f  T a b le  X II  a r e  
t h e  e n e r g i e s  f o r  band 1 , found f o r  VOT^ i n  n u j o l  m u l l  and i n
_ i
p y r i d i n e ,  and t h e  f a c t  t h a t  f o u r  bands (1 -4 )  l i e  be low  19 ,300  cm . 
R e l a t i v e l y  few r e f e r e n c e s ' ^  have  r e p o r t e d  bands  f o r  V0^+ com plexes  
down a s  low a s  1 2 , 0 0 0  (band  1 , VOT^ i n  p y r i d i n e )  b u t  ev en  few er  
have  r e p o r t e d  f o u r  b an d s  below  1 9 ,3 0 0  cm , I f  one lo o k s  a t  th e  
s p e c t r a  d a t a  f o r  v a n a d y l  t r o p o l o n a t e  w h ich  i s  assumed t o  have o x id iz e d  
i n  GH^G^s T a b le  X l l d ,  one can  see  t h a t  f o u r  bands (b an d s  5 -8 )  
a p p e a r  above 19 ,3 0 0  cm ^ w h ich  have com parab le  s h a p e s  and p o s i t i o n s  
t o  b an d s  5 -8  r e c o r d e d  f o r  VOT^ i n  p y r i d i n e ,  n u j o l  m u l l  and CHC^*
I f  b an d s  5 -8  f o r  th e  o x id i z e d  v a n a d y l  t r o p o l o n a t e  (a  d °  system )
r e s u l t  from  t r a n s i t i o n s  w h ich  do n o t  in v o lv e  th e  e x c i t a t i o n  o f  th e
1 2+  d e l e c t r o n  l o c a t e d  i n  th e  b^  VO o r b i t a l  (a  s i m i l a r  h y p o t h e s i s  f o r
(53")t h e  o x i d a t i o n  o f  V0 ( a c a ) 2  i n  s o l u t i o n  i s  made by McGlynn e t  a l .
t o  a i d  i n  t h e  l o c a t i o n  o f  d -d  b a n d s ) ,  t h e n  i t  i s  p o s s i b l e  t h a t
t h e  f o u r  b an d s  1 -4 ,  found  f o r  VOT^ i n  n u j o l  m u l l  and p y r i d i n e  r e s u l t
f rom  d -d  t r a n s i t i o n s .  The r e c e n t  p a p e r  by V anqu ickenborne  and 
(53)McGlynn '  s u p p o r t s  t h i s  p o s s i b i l i t y .  T h e i r  s e m i - e m p i r i c a l  MO 
c a l c u l a t i o n s  f o r  VOSO^SH^O g iv e  th e  f o l l o w i n g  t r a n s i t i o n s  below
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1 9 ,3 0 0  can e -> b a- -> b 0 , b -♦ e * .  They p l a c e  t h e  b _
^  TT 2  1  Z  Z  TT ^
2 2 "1  (x y  -* x  - y  ) t r a n s i t i o n  somewhat h i g h e r  t h a n  1 9 ,3 0 0  cm b u t  a r e
r e l u c t a n t  t o  a s s i g n  i t  f i r m l y  s in c e  i t  sh o u ld  be q u i t e  s e n s i t i v e
b o th  t o  th e  bond l e n g t h  and bond a n g le  o f  t h e  e q u a t o r i a l  l i g a n d s
2+a t t a c h e d  t o  t h e  VO i o n .  I n  a d d i t i o n ,  ESR m easu rem en ts  s u g g e s t
t h a t  t h i s  t r a n s i t i o n  l i e s  lo w er  th a n  t h e i r  c a l c u l a t i o n s  have p la c e d
i t .  The s p e c tru m  o f  VCH^ i n  CH^C^ ( p r i o r  t o  o x i d a t i o n )  i s  s i m i l a r
t o  VOT2 i n  p y r i d i n e  w i t h  two n o t i c a b l e  e x c e p t i o n s .  F i r s t ,  th e
p e a k  a t  1 2 , 0 0 0  cm (band 1 ) found i n  p y r i d i n e  s o l u t i o n  h a s  c o m p le te ly
- 1
d i s a p p e a r e d  and s e c o n d ly ,  b an d s  2 and 3 found  a t  1 5 ,3 8 0  cm and
1 6 ,0 0 0  cm ^ i n  th e  p y r i d i n e  s o l u t i o n  have  s h i f t e d  t o  h i g h e r  e n e r g i e s
o f  17 ,2 4 0  cm ^ and 1 7 ,5 4 0  cm No good e x p l a n a t i o n  can  be found
f o r  th e  d i s a p p e a r a n c e  o f  band 1 i n  th e  CH^C^ s o l u t i o n .  Band 1 i s
a s s ig n e d  a s  th e  e^  -♦ b t r a n s t i o n  w h ich  i s  t h e  same a s s ig n m e n t  
TT 2
g iv e n  th e  f i r s t  band a p p e a r in g  th e  M cG lynn-V anquickenborne e n e rg y
scheme f o r  VOSO^#51^0. The s h i f t i n g  o f  bands  2 and 3, how ever,
s u p p o r t  t h e  a s s ig n m e n ts  made above t h a t  t h e s e  bands  a r e  t r a n s i t i o n s
a .  -» b and b 0 -* e * .  The more p o l a r  p y r i d i n e  m o le c u le  a t t a c h e s
1 2  2  TT
i t s e l f  t o  t h e  s i x t h  p o s i t i o n  t r a n s  t o  t h e  v a n a d y l  oxygen ; a n d ,  i n  
d o in g  s o ,  i t  r e d u c e s  t h e  bond o r d e r  o f  t h e  VsO ( s e e  a l s o ,  i n f r a r e d  
d a t a  f o r  d i f f e r e n c e s  be tw een  v(Vs0) f o r  VCŴ  and V C ^ 'P y ) .  I n
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d o in g  so ,  th e  ( ^ z 2^ r a i sec  ̂ i-n e n e rg y  c a u s in g  a lo w e r in g  o f
t h e  band 2 e n e rg y  f o r  th e  VOT^ i n  a  p o l a r  s o l v e n t .  S in c e  th e
b _» e* involves transition to essentially d and d metal 2 tt xz yz
o r b i t a l s ,  t h e s e  o r b i t a l s  a r e  l i k e w i s e  a f f e c t e d  i n  a p o l a r  medium
w h ic h  r e s u l t s  i n  t h e  o b s e rv e d  s h i f t  f o r  band 3 . The f o u r t h  b an d ,
band 4 , s h i f t s  i n  a d i r e c t i o n  o p p o s i t e  t h a t  o f  b an d s  2 and 3 . S ince
t h e  t e n t a t i v e  a s s ig n m e n t  above f o r  band 4 was g iv e n  a s  ^
&
b ,  d 9 9 , t h e n  e i t h e r  th e  l a t t e r  o r b i t a l  m ust be lo w ered  o r  th e1 x ^ -y ^  ’
fo rm e r  o r b i t a l  m ust be r a i s e d  i n  e n e rg y  i n  a  p o l a r  s o l v e n t .  S in c e
2+i t  i s  known t h a t  VO com plexes  o f  t h i s  ty p e  a r e  s q u a re  p y ra m id a l ,
i n  w h ich  t h e  e q u a t o r i a l  l i g a n d s  fo rm  a n g l e s  o f  a b o u t  1 0 2 ° w i t h  t h e
m a jo r  a x i s  o f  r o t a t i o n ,  i t  i s  v e r y  p r o b a b le  t h a t  t h e s e  e q u a t o r i a l
l i g a n d s ,  d i s p l a c e d  downward from  a p o s i t i o n  e x p e c te d  i n  an  o c t a h e d r a l
a r r a n g e m e n t ,  expose  th e  a lm o s t  n o n -b o n d in g  d o r b i t a l  t o  th e
i n f l u e n c e  o f  a m o le c u le  su c h  a s  p y r i d i n e .  The e f f e c t  i s  t h a t  th e
d o r b i t a l  i s  r a i s e d  c l o s e r  t o  t h e  d o  9* o r b i t a l  t h u s  s h i f t i n g  xy  x ^ - y z 0
band 4 t o  low er  e n e r g y .
The above i s  by no means a f i r m l y  e s t a b l i s h e d  a s s ig n m e n t  
o f  th e  d -d  t r a n s i t i o n s  i n  VOT^j t h i s  w i l l  r e q u i r e  much more a d d i t i o n a l  
s t u d y .  Enough u n u s u a l  e v i d e n c e ,  how ever,  h as  been  p r e s e n t e d  t o  w a r r e n t  
a  c l o s e r  lo o k  a t  t h e  o p t i c a l  s p e c t ru m  o f  VOT^.
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T h ere  does n o t  a p p e a r  t o  be any  e v id e n c e  i n  th e  o b se rv ed  
o p t i c a l  s p e c t r a  t o  s u p p o r t  th e  p r o p o s i t i o n  t h a t  VOT^ i s  a  polym er 
e i t h e r  in  t h e  s o l i d  s t a t e  o r  i n  s o l u t i o n  s in c e  a l l  th e  t r a n s i t i o n  
s h i f t s  can be e x p la in e d  by p r e v i o u s l y  r e p o r t e d  c a l c u l a t i o n s  and 
o t h e r  r a t i o n a l e s .
The o p t i c a l  s p e c t r a  o f  VOS^ w ere  r e c o rd e d  i n  p y r i d i n e 3 
b e n ze n e  and n u j o l  m u l l  be tw een  10 ,000$  and 4000$. T hese  s p e c t r a  
a r e  shown i n  F ig u r e  13a ,  13b and 13c and a summary o f  th e  bands  
i s  g iv e n  i n  T a b le  X I I I .  No a t t e m p t  was made t o  a n a ly z e  th e  o r i g i n  
o f  t h e s e  p e a k s .
T h ere  i s ,  how ever,  one v e r y  im p o r t a n t  b i t  o f  in f o r m a t io n  
t o  be  g a in e d  from  th e  d a t a  g iv e n  i n  T a b le  X I I I .  I f  one com pares 
t h e  d a t a  i n  T a b le  X I I I ,  one can  s e e  t h a t  t h e r e  i s  no a p p r e c i a b l e  
s h i f t  o f  th e  b an d s  when th e  s o l v e n t  i s  changed from  th e  n o n - p o la r  
b e n ze n e  t o  t h e  v e r y  p o l a r  p y r i d i n e  s o l v e n t .  S in c e  some o f  t h e s e  
b an d s  a r e  o b v io u s ly  d -d  t r a n s i t i o n s  whose p o s i t i o n s  i n  th e  s p e c t r a
/ TO\
have  been  shown by S e lb i n  and O r to la n o  J t o  be h i g h l y  d e p e n d e n t  
upon s o l v e n t  a t t a c k  on th e  s i x t h  p o s i t i o n ,  one would e x p e c t  a much 
g r e a t e r  e f f e c t  th a n  was o b s e rv e d .  One c o u ld  co n c lu d e  t h a t  th e  
s i x t h  p o s i t i o n  was v e r y  l i t t l e  a f f e c t e d  when th e  s o l v e n t  was changed 
from  benzene  t o  p y r i d i n e .  I f  t h i s  i s  s o ,  one must co n c lu d e  t h a t  th e
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F i g u r e  13a
The e l e c t r o n i c  sp e c tru m  o f  VOS i n  a s o l u t i o n  o f  p y r i d i n e
-1r e c o r d e d  be tw een  1 0 ,0 0 0  and 2 5 ,000  cm .
K  K UNITS




F ig u r e  13b
The e l e c t r o n i c  s p e c tru m  o f  VOS_ i n  a  n u j o l  m u l l  r e c o rd e d





F ig u r e  13c
The e l e c t r o n i c  sp e c tru m  o f  VOS„ i n  a s o l u t i o n  o f  b en ze n e  r e c o rd e d
-1  -1be tw een  1 0 ,0 0 0  cm and 2 5 ,0 0 0  cm
K H UNITS
J.1
3  f  S  6 7  8  f  10
ANGSTROMS XIO-*
149
s i x t h  p o s i t i o n  i s  p r o t e c t e d  from  s o l v e n t  e f f e c t s .  A l o g i c a l  
e x p l a n a t i o n  would be t h e  one g iv e n  e a r l i e r  i n  th e  d i s c u s s i o n  on 
s o l u b i l i t i e s ;  t h a t  i s ,  th e  VOS2 i s  a po lym er whose s t r u c t u r e  i s  such  
t h a t  i t  does  n o t  p e r m i t  a c c e s s  o f  th e  s o lv e n t  m o le c u le  t o  th e  s i x t h  
p o s i t i o n .  T h u s ,  i n  t h e  ca se  o f  V C ^ ,  th e  o p t i c a l  s p e c t r a  seems to  
b e a r  o u t  t h e  p r o p o s i t i o n  t h a t  VOS2 i s  p o ly m e r ic  i n  n a t u r e .
5) IR  S p e c t r a
The IR s p e c tru m  a l s o  i n d i c a t e s  th e  p r e s e n c e  o f  p o ly m e r ic
VOT2 and monom eric VCH^'Py. I n  th e  r e g io n  be tw een  1500 cm ^ and
1600 cm , a l l  p o ly m e r ic  com plexes  o f  th e  t r o p o l o n a t e  io n  p o s s e s s
a  p e a k  w h ich  i s  n o t  found i n  t h e  monomeric t r o p o l o n a t e  com plexes .
Such a  p eak  i s  o b s e rv e d  a t  1559 cm ^ i n  F ig u r e  14a ,  w h ich  shows th e
IR  s p e c t ru m  o f  VOT2 i n  n u j o l  m u l l .  I n  F ig u r e  14b, w h ich  shows th e
IR  s p e c t ru m  o f  th e  monomer VOT2 *py i n  n u j o l  m u l l ,  t h i s  peak  i s  n o t
o b s e r v e d .  I n  a d d i t i o n ,  th e  v(VsO) band f o r  t h e  p o s s i b l e  po lym er
VOT2 i s  a t  984 cm ^ w h i le  t h e  same v(V=0) i n  t h e  monomer V C ^ 'P y
-1
i s  found a t  lo w e r  e n e rg y ,  a t  950 cm .  T h is  s h i f t  i s  e v id e n c e  f o r  
t h e  f a c t  t h a t  p y r i d i n e  i n  t h e  s i x t h  p o s i t i o n  o f  th e  monomer w eakens 
t h e  VsO band from  i t s  s t r e n g t h  i n  th e  p o ly m e r ic  m o le c u le ,  w here 
p re s u m a b ly  t h e r e  i s  n o t  l i g a n d  t r a n s  t o  t h e  oxygen .
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F ig u r e  14a
The i n f r a r e d  sp e c tru m  o f  VOT i n  n u j o l  m u ll
“ 1 ** 1(A) b e tw ee n  1500 cm and 1600 cm and
(B) b e tw ee n  900 cm ^ and 1000 cm
X
1600 IS 00 1 0 0 0 900
WAVE NUMBERS - Cm- /
F ig u re  14b
The i n f r a r e d  s p e c tru m  o f  VOT *py i n  n u j o l  m u ll
- 1  -1(A) be tw een  1500 cm and 1600 cm and
(B) be tw een  900 cm ^ and 1000 cm
1000/ s o o/ 6 0 0
W A VE NUMBERS - Cm'
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6) M a g n e tic  Moment D e te r m in a t io n
M a g n e t ic  moments o f  th e  s o l i d s  and V C ^  w ere  d e te rm in e d
by  t h e  Gouy method a s  d e s c r ib e d  e a r l i e r .  VOCaca)^ was used  a s  a 
s t a n d a r d  f o r  c a l i b r a t i o n  s in c e  i t s  m a g n e t ic  moment i s  w e l l  e s t a b l i s h e d  
and  i t  i s  a  com plex w h ich  i s  presum ed t o  be v e r y  s i m i l a r  t o  VOT^
c n r r
and VOS0. The u, __ = 1 .2 1  BM was found  f o r  VOT_ w h i le  th e2 ^ e f f  2
P ' e f ^  = 0 .7 2  BM was found f o r  VOS^. P ro b a b ly  th e  s t r o n g e s t  e v id e n c e
w h ic h  s u g g e s t s  t h e  p o ly m e r i z a t io n  o f  VOT„ and V0S9 a r e  t h e s e  v e r y^ A
1low  m a g n e t ic  moments o f  1 .21  and 0 .7 2  BM f o r  a d sy s te m  such  a s  
t h e  V02+ io n .
The v a n a d y l  t a r t r a t e  s t u d i e d  e x t e n s i v e l y  by  S e l b i n  and 
(79)M orpurgo '  was l a t e r  shown t o  be a d im e r  by a n  x - r a y  d i f f r a c t i o n  
s t u d y ^ * ^ .  I t s  m a g n e t ic  moment was found t o  be a b o u t  1 .7 3  BM w h ich  
w ould  i n d i c a t e  v e r y  l i t t l e  s i g n l e t  s t a t e  c h a r a c t e r  ( e l e c t r o n  s p i n -  
e l e c t r o n  s p i n  c o u p l in g )  f o r  t h e  d im e r .  T h is  can  be u n d e r s to o d  i f  one 
c o n s u l t s  th e  x - r a y  d a t a .  One f i n d s  t h a t  th e  two vanad ium  atom s o f  
t h e  d im er  a r e  c o n n e c te d  th ro u g h  V-O-C-C-O-V l i n k a g e  w h ich  r e s u l t s  
i n  a  V-V d i s t a n c e  o f  4 .3 ^ .  T h is  l a r g e  V-V d i s t a n c e  a t t e n u a t e s  th e  
e f f e c t  o f  one u n p a i r e d  e l e c t r o n  oh th e  o t h e r  u n p a i r e d  e l e c t r o n  w i th  
t h e  r e s u l t  t h a t  i t  h a s  v e r y  l i t t l e  e f f e c t  on th e  m a g n e t ic  moment. 
C o n s id e r ,  how ever, t h e  p ro p o s a l  made i n  t h i s  work t h a t  th e  vanad ium
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atom s o f  VOT^ a r e  h e ld  t o g e t h e r  by th r e e -b o n d e d  oxygen a tom s shown
i n  ( a ) 0
V
( a )  (b)
The V-V d i s t a n c e  must be  much s h o r t e r  t h a n  i n  t h e  c a s e  o f  t h e  
t a r t r a t e  com plex . T h i s  would n a t u r a l l y  r e s u l t  i n  a s t r o n g e r  s p i n -  
s p i n  c o u p l in g  w i t h  a r e d u c t i o n  o f  th e  m a g n e t ic  moment. One must 
t h e n  c o n c lu d e  t h a t  t h e s e  low m a g n e t ic  moments f o r  VOT^ and  VOS^ 
n o t  o n ly  i n d i c a t e  th e  s t r o n g  p o s s i b i l i t y  o f  p o l y m e r i z a t i o n  b u t  a l s o  
t h a t  t h i s  p o l y m e r i z a t i o n  p r o b a b ly  r e s u l t s  from th r e e - b o n d e d  oxygen 
a tom s be tw een  t h e  vanad ium  a tom s a s  shown i n  ( a )  r a t h e r  t h a n  th ro u g h  
th e  b o n d in g  sy s tem  shown i n  ( b ) .
7) ESR S p e c t ra
The ESR s p e c t r a  o f  VOT^ were r e c o rd e d  i n  CH^C^ s o lu t io n . ,  
c y c lo h e x a n o l  s o l u t i o n ,  n u j o l  s u s p e n s io n ,  and a s  a s o l i d  d i l u t e d  by 
t h e  t r o p o l o n e  l i g a n d .  These s p e c t r a  a r e  shown i n  F ig u r e s  15 a -1 5 b .  
The g f a c t o r s  f o r  th e  s o l u t i o n s  o f  CH^Cj^ and c y c lo h e x a n o l  and f o r
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F ig u r e  15
The ESR sp e c tru m  o f  oxovanadium (IV ) co m p lex es .  The ESR sp e c tru m
o f  VOT2 i n  i s  g iv e n  i n  (A) and t h e  ESR s p e c tru m  o f  VOT^ i n
a s u s p e n s io n  i n  n u j o l ,  a s  a s o l i d  d i l u t e d  by t r o p o l o n e  l i g a n d  and
a s  a d i l u t e  s o l u t i o n  i n  c y c lo h e x a n o l  a r e  g iv e n  i n  (B ) .  (O n ly  one
s p e c tru m  i s  shown f o r  VOT2 i n  a l l  t h r e e  m edia  i n  B s in c e  t h e y  g iv e
e s s e n t i a l l y  t h e  same s p e c t r a ) .  The ESR s p e c tru m  o f  v a n a d y l  t a r t r a t e




t h e  d i l u t e  s u s p e n s io n  i n  n u j o l  w ere  t h e  same and w ere  c a l c u l a t e d  
t o  be gavg = 1*95. The g f a c t o r  f o r  t h e  s o l i d  d i l u t e d  i n  t r o p o l o n e  
w as found t o  be g = 1 .9 8 .  (T h e re  was a  q u e s t i o n  c o n c e rn in g  th e  
f u n c t i o n i n g  o f  th e  g a u s s m e te r  w h ich  m ig h t  i n v a l i d a t e  t h e  l a t t e r  
v a l u e ) .
The ESR sp e c tru m  o f  VCXI  ̂ i n  GH^C^s F ig u r e  15A, i s  v e r y
s i m i l a r  t o  t h o s e  found  f o r  o t h e r  monom eric v a n a d y l  com plexes i n
s o l u t i o n .  T h ere  w ere  e i g h t  s h a r p ,  a lm o s t  e q u a l l y  s p a c e d ,  peak s
i n d i c a t i v e  o f  th e  d'*" u n p a i r e d  e l e c t r o n  s p l i t  by th e  i s o t o p i c a l l y
p u re  vanad ium -51  n u c l e u s  w i t h  s p i n  o f  T here  d id  n o t  a p p e a r  to
be any  s ig n s  o f  o t h e r  h y p e r f i n e  s p l i t t i n g  o r  o t h e r  s p e c t r a l  d e t a i l s
w h ic h  m ig h t  i n d i c a t e  p o ly m e r i z a t i o n  i n  CK^CJh^ s o l u t i o n .  T h is  i s
i n  c o n t r a s t  t o  t h e  m a g n e t ic  moment d a t a  d e r iv e d  from  t h e  NMR
e x p e r im e n t .  ESR d o e s  n o t  o f f e r  any  e v id e n c e  f o r  t h e  p r o p o s i t i o n
t h a t  VOT2 i s  a po lym er i n  CE^Cj^* W ith  t h i s  know ledge ,  i f  VOT2
d o e s  e x i s t  a s  a po lym er i n  CK ^CA^, i t  i s  a t  l e a s t  l a r g e l y  d i s s o c i a t e d
and a p p e a r s  m o s t ly  a s  th e  monomer. T h is  p o s s i b i l i t y  prom pted  th e
a u t h o r  t o  o b t a i n  t h e  sp e c tru m  i n  a s t i l l  l e s s  p o l a r  medium, t h u s ,
a sample o f  t h e  sc ir id  w e l l - d i l u t e d  by  th e  l i g a n d  was ru n  ( F ig u r e  15B ),
The sp e c tru m  showed a s i n g l e  peak  w i t h  no h y p e r f i n e  s t r u c t u r e .
( 75)C a r r in g t o n  '  d e s c r i b e s  t h e  a p p e a ra n c e  p f  a s i n g l e  l i n e  a s  r e s u l t i n g
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from  one o f  two p o s s i b i l i t i e s .  F i r s t ,  i f  t h e  V O T ^/l igand  r a t i o
2+ 1i s  n o t  s m a l l  enough, th e  VO (d e l e c t r o n ? )  io n s  a r e  c l o s e  enough 
t o  ea c h  o t h e r  t o  c a u s e  an e f f e c t i v e  s p a t i a l  d i p o l e - d i p o l e  c o u p l in g  
w h ich  r e s u l t s  i n  l i n e  b r o a d e n in g  and l o s s  o f  h y p e r f in e  s p l i t t i n g .  
T h is  phenomena r e s u l t s  b e c a u se  th e  c l o s e  p r o x im i ty  o f  n e ig h b o r in g  
s p i n  r e - o r i e n t a t i o n  p r e v e n t s  t h e  o b s e r v a t i o n  o f  most h y p e r f i n e  
s t r u c t u r e .  A n o th e r  p o s s i b l e  r e a s o n  f o r  th e  a p p e a ra n c e  o f  th e  
s i n g l e  p e a k ,  how ever ,  i s  t h e  o c c u r r a n c e  o f  e l e c t r o n  exchange  b e tw een  
u n p a i r e d  e l e c t r o n s ,  e a c h  r e s i d i n g  on two d i f f e r e n t  b u t l i k e  a tom s 
w h ich  a r e  co u p led  t o g e t h e r  t o  fo rm  a d im e r .  Such i s  t h e  c a s e ,  f o r  
e x am p le ,  o f  t h e  two Cu io n s  p a i r e d  t o g e t h e r  i n  th e  c o p p e r  a c e t a t e  
com plex . The exchange  i n t e r a c t i o n  i s  e v id e n c e  t h a t  t h e  two u n p a i r e d  
e l e c t r o n s  a r e  n e a r  e n o u g h t  t o  "wash o u t "  th e  h y p e r f in e  s t r u c t u r e  
a s s o c i a t e d  w i t h  th e  e l e c t r o n - n u c l e a r  c o u p l in g  o f  th e  m e ta l  a tom , 
and i n  t h e  c a s e  o f  d i l u t e  s a m p le s ,  i t  is  u sed  a s  a c r i t e r i o n  f o r  
i n f e r r i n g  d i m e r i z a t i o n .
To e x p l a i n  t h i s  phenomenon, one m ust p ro p o se  th e  d im er  a s  
b e in g  composed o f  two norm al ground s t a t e  com plexes  bonded t o g e t h e r  
w i t h  some o v e r l a p  o f  t h e  o r b i t a l s  w h ich  a r e  o c c u p ie d  by t h e  u n p a i re d  
e l e c t r o n s .  The u n p a i r e d  e l e c t r o n s  spend m ost o f  t h e i r  t im e  i n  th e  
n e ig h b o rh o o d  o f  t h e i r  r e s p e c t i v e  m e ta l  n u c l e i  b u t ,  due t o  o r b i t a l
o v e r la p  o f  th e  o r b i t a l s  c o n t a in in g  th e  u n p a i re d  e l e c t r o n s ,  some 
t im e  i s  s p e n t  by th e  u n p a i re d  e l e c t r o n s  i n  t h e  ne ig h b o rh o o d  o f  
e a c h  o t h e r .  I n  t h i s  s i t u a t i o n ,  th e  e l e c t r o n s  occupy e i t h e r  a  s i n g l e t  
s t a t e  ( e l e c t r o n s  p a i r e d )  o r  th e y  may occupy a  t r i p l e t  s t a t e  ( e l e c t r o n s  
u n p a i r e d )  w h ich  u s u a l l y  o c c u r s  w i t h i n  kT i n  e n e rg y  above th e  s i n g l e t  
s t a t e .  The e f f e c t  on th e  sp ec tru m  by  th e  e l e c t r o n s  when th e y  a r e  
i n  th e  ne ig h b o rh o o d  o f  t h e i r  r e s p e c t i v e  m e ta l  n u c l e i  i s  t h a t  o f  th e  
monomer, t h a t  i s ,  th e  sp e c tru m  would show h y p e r f in e  s p l i t t i n g  o f  
th e  s i n g l e  p e a k .  I f ,  how ever, th e  e l e c t r o n s  s p e n t  enough tim e 
i n  th e  ne ig h b o rh o o d  o f  ea c h  o t h e r ,  t h e y  may p a i r  up t o  occupy th e  
s i n g l e t  s t a t e  d u r in g  w h ich  tim e  no r e s o n a n c e  can  o c c u r .  The e f f e c t  
on th e  sp e c tru m  i s  t h a t  t h e  s i z e  o f  th e  peak  i s  red u ce d  from  th e  
p eak  o f  a pu re  monomer. (T h is  c o n d i t i o n  a l s o  a c c o u n ts  f o r  th e  
o b s e rv e d  low m a g n e t ic  moment o f  a d im e r ) .  I f ,  how ever,  th e  
t e m p e r a tu r e  i s  s u f f i c i e n t  t o  p o p u la te  th e  low ly in g  t r i p l e t  s t a t e  
(kT ~  S -* T ) , th e  c o n t r i b u t i o n  o f  t h i s  s t a t e  t o  th e  sp e c tru m  i s  t o  
p ro d u ce  a s i n g l e  n a rro w  b an d .  Thus, a t  am b ien t t e m p e r a t u r e s ,  one 
u s u a l l y  o b s e rv e s  a c o m b in a t io n  o f  t h e  t r i p l e t  s t a t e  and th e  monomer 
g round s t a t e  w hich  u s u a l l y  a p p e a r s  a s  a b ro ad  band w i t h  no f i n e  
s t r u c t u r e .  I f  t h e  t e m p e r a tu r e  o f  re s o n a n c e  i s  r e d u c e d ,  th e  t r i p l e t  
s t a t e  becomes d e p o p u la te d  w i t h  th e  r e s u l t  t h a t  th e  f i n e  s t r u c t u r e
f o r  th e  i n t e r a c t i o n  be tw een  t h e  m e ta l  n u c l e u s  and th e  u n p a i r e d  
e l e c t r o n  b e g i n s  t o  a p p e a r  on t h e  s p e c tru m .  W hile  i n  th e  t r i p l e t  
s t a t e ,  exchange  i n t e r a c t i o n  b e tw een  t h e  e l e c t r o n s  o c c u r s  so t h a t  
e a c h  e l e c t r o n  " s e e s "  two e q u i v a l e n t  n u c l e i .  I f  t h e  t e m p e r a tu r e  i s  
low enough t o  o b s e rv e  f i n e  s t r u c t u r e ,  one u s u a l l y  o b s e rv e s  n o t  t h e  
f i n e  s t r u c t u r e  due t o  one b u t  r a t h e r  two n u c l e i .  I n  th e  c a s e  o f
2_j_ ^  y
VO d im e rs  (S o f  V = ~^), one o b s e r v e s  a f i f t e e n  l i n e  sp e c tru m
r a t h e r  t h a n  t h e  e i g h t  l i n e  s p e c tru m  o f  t h e  monomer. As a n  exam ple ,
(  811a r e c e n t  ESR s p e c tru m  by B e l f o rd  ej: a l .  ( F ig u r e  15c) r e c o rd e d
on a s o l u t i o n  o f  t h e  d im er  sodium  v a n a d y l ( IV )  d j & - t a r t r a t e ,  shows
a l a r g e  s i n g l e  p eak  whose g e n e r a l  shape  i s  n o t  d i s s i m i l a r  t o  th e
s i n g l e  p eak  o f  VOT2 i n  t r o p o l o n e  l i g a n d .  S u p er- im p o sed  on t h i s  s i n g l e
s t r u c t u r e  was a h y p e r f i n e  s t r u c t u r e  c o n t a i n i n g  f i f t e e n  l i n e s  r a t h e r
2+ 51t h a n  th e  e i g h t  l i n e s  one w ould  e x p e c t  f rom  a VO io n  w i t h  V 
s p i n  o f  Through  exchange  o f  th e  u n p a i r e d  e l e c t r o n s ,  e a c h  e l e c t r o n  
" s e e s "  two i d e n t i c a l  n u c l e i  w i t h  th e  r e s u l t  t h a t  one o b s e r v e s  
2 n l+ l  l i n e s  (n  = 2 ; number o f  vanad ium  a tom s) o r  a f i f t e e n  l i n e  
h y p e r f i n e  s t r u c t u r e .
Not knowing i f  th e  s i n g l e  p e a k  o b s e rv e d  f o r  VOT^ in  
t r o p o l o n e  was a  r e s u l t  o f  th e  d i m e r i z a t i o n  o f  two m o le c u le s  o r  
w h e th e r  t h e  sam ple was to o  c o n c e n t r a t e d ,  i t  was t h e n  a d v i s a b l e  t o
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t o  make a  v e r y  d i l u t e  sam ple o f  VOT^ suspended  i n  n u j o l .  F ig u r e  15B 
shows t h i s  s a m p l e 's  s p e c t r a  t o  be v e r y  s i m i l a r  t o  th e  s o l i d  sam p le .
I n  a d d i t i o n ,  i t  was found t h a t  s m a l l  q u a n t i t i e s  o f  VOT^ would d i s s o l v e  
i n  c y c lo h e x a n o l  t o  g iv e  a l i g h t  o ran g e  s o l u t i o n .  A f t e r  f i l t e r i n g  
t h e  s o l u t i o n  t o  i n s u r e  t h a t  no s o l i d s  rem a in ed ,  t h e  ESR sp e c tru m  o f  
VOT2 was r e c o r d e d  i n  c y c lo h e x a n o l  ( F ig u r e  15B ). T h i s  d i l u e  s o l u t i o n  
e x h i b i t e d  t h e  same s i n g l e  l i n e  a p p e a r in g  i n  t h e  p r e v io u s  s p e c t r a .
I t  would a p p e a r  t h e n  t h a t  ESR d o es  n o t  o f f e r  any  e v id e n c e  f o r  th e  
e x i s t a n c e  o f  a  po lym er o f  VOT2 i n  CH^C,^ a t  th® te m p e r a tu r e  a t  
w h ic h  t h e  sp e c tru m  was r e c o r d e d .  I f  p o ly m e r i z a t i o n  i s  p r e s e n t  i n  
CH2CJ&2 a s  i s  s u g g e s te d  by  th e  NMR e x p e r im e n t  p r e v i o u s l y  d e s c r i b e d ,  
t h e n  t h e  exchange  b e tw ee n  t h e  po lym er fo rm  and th e  monomer i s  
s u c h  t h a t  i t s  s o l u t i o n  s t i l l  g iv e s  th e  e i g h t  l i n e  ESR sp e c tru m  of  
t h e  monomer. On t h e  o t h e r  h a n d ,  a more n o n - p o la r  s o l u t i o n ,  such  
a s  c y c lo h e x a n o l ,  a  d i l u t e  s o l i d  and th e  n u j o l  s u s p e n s i o n ,  a l l  g iv e  
a b i t  o f  e v id e n c e  f o r  t h e  e x i s t a n c e  o f  VOT2 a s  a  po lym er ( p r o b a b ly  
a  d i m e r ) .
The ESR s p e c tru m  o f  VOS2 was made i n  b en zen e  and i n  a 
d i l u t e  m ix tu r e  o f  i t s  l i g a n d  ( F ig u r e s  16 a and 1 6 b ) .  The a v e ra g e  g 
f a c t o r  f o r  b o th  was found t o  be ( g )  = 1 .9 3 .  The g e n e r a l  shape i n  
b o t h  th e  s o l i d  sp e c tru m  and th e  s o l u t i o n  s p e c tru m  w ere  v e r y  much
F igure 16a
The ESR sp ec tru m  o f  VOS^ i n  a s o lu t io n ,  o f  b en zen e
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F ig u r e  16b
The ESR sp e c tru m  o f  VOS2 a s  a s o l i d  d i l u t e d  w i th  
5 - m e r c a p t o - 3 - p h e n y l - l , 3 s 4“ t h i a d i a z o l e - 2 - t h i o n e  l i g a n d .

a l i k e .  T h is  l i k e n e s s  i n  shape r e i n f o r c e s  t h e  c o n c l u s i o n  draw n from 
t h e  o p t i c a l  d a t a  t h a t  no e x t e n s i v e  s o l v a t i o n  e f f e c t s  on th e  s t r u c t u r e  
o f  th e  m o le c u le  t a k e  p l a c e  i n  s o l u t i o n  and  t h a t  t h e  s i x t h  p o s i t i o n  
o f  VOS^ i s  b lo c k e d ,  p o s s i b l y  by v i r t u r e  o f  th e  com plex b e in g  a 
p o ly m e r .  O th e r  f e a t u r e s ,  how ever ,  w ere  more i n d i c a t i v e  o f  th e  
e x i s t a n c e  o f  a p o ly m e r .  F i r s t ,  t h e  g e n e r a l  shape o f  t h e  sp e c tru m  
w as a  s i n g l e  a b s o r p t i o n  band s i m i l a r  to  t h a t  o f  VOT^ and ,  u s in g  th e  
r a t i o n a l e  used  t o  a n a ly z e  t h e  s p e c t r a  o f  VOT^, i t  c a n  be s a i d  t h a t  
VOS2 i s  p r o b a b ly  a l s o  a p o ly m er .  More im p o r ta n t  p r o b a b ly  i s  th e  f i n e  
s t r u c t u r e  w h ich  seems t o  be d e v e lo p in g  i n  t h e  s p e c t r a  o f  b o t h  th e  
s o l u t i o n  and th e  s o l i d  sam p le .  The s p e c t r a  a r e  t o o  p o o r ly  d e f in e d  
t o  t e l l  w ha t ty p e  o f  h y p e r f i n e  s t r u c t u r e  i s  d e v e lo p in g ,  how ever .
The ESR e v id e n c e  f o r  VOS^ a s  a  po lym er i s  a s  s t r o n g ,  i f  n o t  s t r o n g e r ,  
t h a n  t h a t  f o r  The f a c t  t h a t  i t  p r o b a b ly  r e t a i n s  i t s  p o ly m e r ic
c h a r a c t e r ,  r e g a r d l e s s  o f  t h e  s o l v e n t  i n  w h ich  i t  i s  d i s s o l v e d  
( i f ,  in d e e d ,  i t  i s  a p o ly m e r ) ,  makes VOS^ a  much b e t t e r  com plex 
f o r  f u t u r e  s tu d y  th a n  A f u t u r e  s tu d y  sh o u ld  i n c lu d e  a low
te m p e r a t u r e  ESR i n v e s t i g a t i o n  o f  t h e s e  com plexes  w i t h  th e  e x p e c t a t i o n  
o f  f i n d i n g  a f i f t e e n  l i n e  s p e c t ru m  (and t h e  e x i s t a n c e  o f  t h e  low 
l y i n g  t r i p l e t  s t a t e ) ; su c h  a  s p e c tru m  w ould  make a more c o n c r e t e  
c a s e  f o r  th e  e x i s t e n c e  o f  p o l y m e r i z a t i o n  i n  t h e s e  co m p lex es .
E . CONCLUSIONS
M u e t t e r t i e s  s t a t e s  t h a t  " t h e  f a c i l i t y  w i t h  w h ich  a n  io n  
c a n  fo rm  h i g h e r - c o o r d i n a t i o n  s t r u c t u r e s  i s  some f u n c t i o n  o f  m e t a l ­
io n  s i z e  and c h a r g e 11̂ ^ .  L a rge  io n  s i z e  and h ig h  c h a rg e  a r e  
n e c e s s a r y  r e q u i r e m e n t s  f o r  h ig h  c o o r d i n a t i o n  t o  t h e  m e ta l  i o n .  
M e u t t e r t i e s ^ * ^  h a s  g iv e n  0 .6 8 $  a s  p r o b a b ly  th e  minimum i o n i c  r a d i u s  
n e c e s s a r y  f o r  a t r i v a l e n t  i o n  t o  c o o r d in a t e  t o  a number o f  l i g a n d s
h i g h e r  th a n  s i x .  A l th o u g h  th e  fo rm a l  c h a rg e  o f  th e  vanad ium  atom  o f  
2+VO i s  f o u r ,  t h e  r r d o n a t i o n  o f  th e  v a n a d y l  oxygen r e d u c e s  t h e  a c t u a l
ch a rg e  on th e  vanad ium  atom  t o  a  c h a rg e  c l o s e r  t o  t h r e e  th a n  f o u r .
The io n  s i z e  f o r  V^+ h a s  b e e n  g iv e n  t o  be 0 .  74X ( 8 2 > w hich  would
i n d i c a t e  t h a t  t h e  i o n  s i z e  r e q u i r e m e n t  and ch a rg e  a r e  met i n  o r d e r  
2+t h a t  VO s p e c i e s  c o o r d in a t e  t o  c o o r d i n a t i o n  numbers h i g h e r  th a n  s i x .
5+A p re su m a b ly  s e v e n - c o o r d i n a t e  complex o f  V (VOT^) was p r e p a r e d  by
(  68^M u e t t e r t i e s  e t  a l .  w h ic h ,  i f  i t  i s  t r u e ,  sh o u ld  r e i n f o r c e  th e  
2+c la im  t h a t  th e  VO s p e c i e s  p o s s e s s e s  th e  n e c e s s a r y  ch a rg e  and i o n i c  
r a d i u s  t o  c o o r d in a t e  t o  a number above s i x .
An a d d i t i o n a l  r e q u i r e m e n t  o f  M u e t t e r t i e s  f o r  i n f e r r i n g  
p o ly m e r i z a t i o n  ( w i t h  r e s u l t i n g  h ig h  c o o r d i n a t i o n )  i s  t h a t  o f  low 
s o l u b i l i t y  i n  common s o l v e n t s .  P o ly m e r i z a t i o n  i s  co n c lu d ed  t o  be 
th ro u g h  t h r e e - c e n t e r e d  oxygen  b o n d s ,  th u s  i t  can  be s e e n  t h a t  a
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s i x - c o o r d i n a t e d  p o ly m e r ic  com plex i s  i n  a c t u a l i t y  a t  l e a s t  a  s e v e n -  
o r  h i g h e r - c o o r d i n a t e d  com plex . B oth  VOT2 an<  ̂ m eet t h e s e
s o l u b i l i t y  r e q u i r e m e n t s  and ,  t h u s ,  c o u ld  p o s s e s s  h i g h e r - t h a n - u s u a l  
c o o r d i n a t i o n .  The NMR d a t a  g iv e n  i n  F ig u r e  12b shows t h e  g r a d u a l  
r e d u c t i o n  o f  th e  m a g n e t ic  moment o f  VOT^ a s  th e  amount o f  CH^C^ 
i n  t h e  mixed s o l v e n t  (DMSO/CH^C^g) i-s i n c r e a s e d .  E x t r a p o l a t i n g  
o u t  t o  p u re  CHgCj^* one can  s e e  t h a t  a s i g n i f i c a n t  r e d u c t i o n  i n  
l^eff  i s  fo u n d .  T h is  i s  a s t r o n g  i n d i c a t i o n  t h a t  th e  m a g n e t ic  moment 
r e d u c t i o n  r e s u l t s  f ro m  some ty p e  o f  p o ly m e r i z a t i o n  i n  s o l u t i o n .
The q u e s t i o n  o f  t h e  e x t e n t  t o  w h ich  th e  VOT^ i n  s o l u t i o n  h a s  been  
o x id i z e d  p l a c e s  some do u b t on th e  c o n c lu s io n  t h a t  VOT^ c o n t a i n s  
p o ly m e r ic  s p e c i e s  i n  t h e  CI^C ĵ  s o l u t i o n .
The m o l e c u la r  w e ig h t  d e t e r m i n a t i o n  o f  VOT^ in. CE^CJl,^ i s  
t o o  d o u b t f u l  t o  be o f  v a l u e  due t o  low s o l u b i l i t i e s ,  and no c o n c lu s io n s  
w i l l  be drawn from  t h e s e  d a t a .
A l th o u g h  th e  o p t i c a l  s p e c t r a l  d a t a  o f  VOT^ o f f e r s  no 
e v id e n c e  o f  p o l y m e r i z a t i o n  i n  s o l u t i o n ,  th e  u n u s u a l  number o f  low 
e n e rg y  p e a k s  makes t h i s  com plex an  i n t e r e s t i n g  one f o r  f u t u r e  s tu d y .
The com plex VOS^ g i v e s  e s s e n t i a l l y  t h e  same o p t i c a l  sp e c tru m  i n  a 
n o n - p o l a r  s o l v e n t  (b en z e n e )  a s  i t  d o es  i n  th e  v e r y  p o l a r  s o lv e n t  
p y r i d i n e .  The p e a k s  w h ich  n o rm a l ly  a r e  w e l l - s h i f t e d  a s  a r e s u l t  o f
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a s t r o n g l y  a t t a c h e d  s i x t h  p o s i t i o n  l i g a n d  do n o t  show s ig n s  o f  t h i s  
s h i f t  f o r  VOS2 i n  p y r i d i n e .  T h is  l a c k  o f  peak  s h i f t i n g  i s  e v id e n c e  
f o r  th e  p r o p o s i t i o n  t h a t  no p y r i d i n e  m o le c u le s  can r e a c h  th e  s i x t h  
p o s i t i o n  o f  VOS^ b e c a u se  o f  i t s  p o ly m e r ic  s t r u c t u r e .
I t  i s  b e l i e v e d  t h a t  th e  p o ly m e r ic  s t r u c t u r e  o f  V C ^  i n  th e  
s o l i d  s t a t e  i s  d e s t r o y e d  i n  a  s o l u t i o n  o f  p o l a r  s o l v e n t s .  The IR 
sp e c tru m  sh o u ld  r e f l e c t  d i f f e r e n c e s  be tw een  th e  monomer and th e  
p o ly m e r .  A s u b s t a n t i a l  s h i f t  o f  th e  v(V=0) o f  VOT2 was o b se rv e d  
i n  th e  IR  s p e c tru m  of VXX^'py. T h is  s h i f t ,  down i n  e n e rg y  f o r  t h e  
monomeric V C ^ ^ p y ,  would be e x p e c te d  i f  th e  polym er VOT2 w ere 
d e s t r o y e d  i n  s o l u t i o n  and a p y r i d i n e  m o le c u le  w ere  a l lo w e d  t o  a t t a c k  
t h e  s i x t h  p o s i t i o n .  I n  a d d i t i o n ,  a p eak  a p p e a r in g  i n  t r o p o l o n a t e  
IR  s p e c t r a  w h ich  i s  c h a r a c t e r i s t i c  o f  th e  p o ly m e r ic  s p e c i e s  b u t  i s  
n o t  found i n  monomeric com plexes was found  in  VOT2 b u t  n o t  i n  
VOT2»py.
Two p o r t i o n s  o f  e x p e r im e n ta l  e v id e n c e  w hich  m ost s t r o n g l y  
s u p p o r t  t h e  p o ly m e r ic  s t r u c t u r e ,  and h e n c e ,  h ig h  c o o r d i n a t i o n  o f  
VOT2 and VOS2 a r e  m a g n e t ic  moment and ESR d a t a .  The m a g n e t ic  
moments o f  VOT2 and VOS2 w ere  found t o  be 1 .2 1  BM and 0 .7 2  BMS
r e s p e c t i v e l y .  These  low moments p r o b a b ly  r e s u l t  from  a  l a r g e  s p in
1 2+  c o u p l in g  o f  th e  d e l e c t r o n s  a s  p o ly m e r i z a t io n  b r i n g s  t h e  VO io n s
c l o s e r  t o g e t h e r .
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The s i n g l e  l i n e  ESR s p e c t r a  found f o r  VOT- i n  t h e  s o l i d  
s t a t e  i n  a d i l u t e  n u j o l  s u s p e n s io n  and i n  a s o l u t i o n  o f  c y c lo h e x a n o l  
s u g g e s t  t h a t  th e  com plex c o u ld  e x i s t  a s  a  p o ly m er .  A l th o u g h  one 
m ig h t  c o n c lu d e  t h a t  th e  s i n g l e  l i n e  s p e c t r a  (w i th o u t  h y p e r f i n e
24-
s p l i t t i n g )  r e s u l t e d  from  a  sample to o  h i g h l y  c o n c e n t r a t e d  w i t h  VO 
i o n s , s u c h  an  e x p l a n a t i o n  f o r  th e  s i n g l e  l i n e  sp e c tru m  o f  VCH^ i n  
c y c lo h e x a n o l  c o u ld  n o t  be t h e  ca se  s in c e  th e  sample was a d i l u t e  
s o l u t i o n .  The ESR s p e c t r a  o f  V C ^  w ere  ev en  more i n d i c a t i v e  o f  
p o l y m e r i z a t i o n  i n  t h a t  n o t  o n ly  d id  t h e  g e n e r a l  shape  o f  th e  s p e c t r a  
a p p e a r  a s  a  s i n g l e  l i n e ,  b u t  a l s o  t h e r e  was e v id e n c e  o f  d e v e lo p in g  
h y p e r f i n e  s t r u c t u r e  on th e  p e a k s  o f  th e  f i n e  s t r u c t u r e .  A com ple te  
t e m p e r a tu r e  s tu d y  o f  b o th  t h e  m a g n e t ic  moments and ESR would be 
n e c e s s a r y  t o  v a l i d a t e  th e  above  f i n d i n g s .  The u l t i m a t e  a n sw e r ,  
o f  c o u r s e ,  w i l l  l i e  w i t h  co m p le te  s t r u c t u r a l  d e t e r m i n a t i o n  o f  th e s e  
com plexes  by  x - r a y  c r y s t a l l o g r a p h y .
TABLE X II
THE OPTICAL SPECTRAL DATA OF VOT2
S o lv e n t  1 2 3 4  5 6 7 8
a) N u jo l  M ull 15 ,660 15 ,380 16 ,130 19 ,010 19 ,610 21,500 26 ,320
b) P y r id in e 12 ,020
(e -5 2 )
15 ,380 16 ,000 19 ,230 19 ,640 21,700 22 ,730 25 ,000
c) ch2C42 17 ,240 17,540 18 ,350 19 ,050 19 ,610 20 ,620 21 ,500




22 ,470 22 ,730
* The d i s o l u t i o n  o f  VOT2 i n  CH^C^ r e q u i r e d  f o u r  d a y s ;  NMR shows th e  s o l u t i o n  t o  be d ia m a g n e t ic  
w i t h  vanadium  i n  V(IV) o x i d a t i o n  s t a t e .
a )  E n e rg ie s  a r e  g iv e n  i n  cm \
b) No e x t i n c t i o n  c o e f f i c i e n t s  a r e  g iv e n  f o r  bands w hich  a p p e a r  a s  s h o u ld e r s .
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TABLE XXII 
THE OPTICAL SPECTRAL DATA OF VOS,
S o lv e n t 1 2 3 4
a )  P y r i d i n e 1 5 ,6 3 0 1 7 ,2 4 0 1 7 ,8 6 0 20 ,2 0 0
b) N u jo l  M ull ~ 1 5 ,0 0 0 - - - -----
c ) Benzene 1 5 ,3 8 0 1 7 ,0 9 0 1 7 ,7 6 0 20 ,160
No e x t i n c t i o n  c o e f f i c i e n t s  a r e  g iv e n  s in c e  a l l  bands  w ere found to  
be s h o u l d e r s .
The n u j o l  m u l l  sp e c tru m  was to o  p o o r ly  d e f in e d  t o  l o c a t e  any b u t  th e  
f i r s t  b an d .
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